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Abstract
Low crude oil prices have impacted the economy of the Gulf Cooperation Council
(GCC) member countries especially the United Arab Emirates (UAE). Hence it is
vital to accelerate the diversification of the economy. Among the many potential
diversification avenues, manufacturing is a promising area that could add to the
GDP. This work brings out a sustainable and a cost-effective method for
manufacturing AMC’s and expanding their applications.
This work deals with the processing and characterization of recycled AMCs
manufactured using a novel approach. With the emphasis on sustainable
manufacturing, this work aims to use Scrap Aluminum Alloy Wheels (SAAW) of
cars as the matrix. SAAW was easily obtained from the scrap wheels of cars. The
reinforcement material, Spent Alumina Catalyst (SAC), was sourced from the local
oil refineries which is a waste material from crude oil refining. To achieve the
objectives of this work, the following steps where followed.
Firstly, four AMC’s were developed using stir- gravity casting. Four composites
were made with different combinations such as LM25+Al2O3, SAAW+Al2O3,
LM25+SAC, and SAAW+SAC. Microstructure analysis showed a nonhomogeneous
distribution of reinforcements with high amount of porosity. Therefore, this method
was not used for optimization and casting of AMCs.
Secondly, AMC’s were produced using stir- squeeze casting method. Similar to the
previous casts, four composites of LM25+Al2O3, SAAW+Al2O3, LM25+SAC, and
SAAW+SAC were made. The samples from this method exhibited better strength
when compared to gravity cast samples. SAAW+Al2O3 exhibited almost uniform
distribution of reinforcement particles and superior mechanical properties with
lowest porosity (7.3%), highest hardness (69 VHN), minimum abrasive wear loss
(0.001g), second highest tensile (129 MPa) and compressive (320 MPa) strengths
among the four composites. The results also revealed that, optimizing the stir
squeeze casting process parameters, can further contribute to the performance of the
recycled AMCs.

viii
Thirdly, optimization of casting parameters using Taguchi method was carried out.
Taguchi-Grey Relational Analysis (GRA) was successfully utilized to handle the
multi-response objective system for optimizing process parameters in the squeeze
casting of AMCs. This method was used to determine the optimized condition with a
minimal set of experiments, which is relevant in the stir–squeeze casting process.
Taguchi method developed 9 samples (L1-L9) and out of that L5 and L6 exhibited
the best mechanical properties. Thus, the optimum levels of process parameters are
squeeze pressure of 100MPa, squeeze time of 30 s, die preheat temperature of 250°C
and stirrer speed of 525 rpm.
Fourthly, the optimized sample (M2) was produced. Taguchi’s confirmation test was
run based on the obtained mechanical properties and L6 method showed an
improvement in the GRG value by 12.5%. Based on the confirmation test, the
optimized sample M2 was produced using squeeze pressure of 100 MPa, squeeze
time of 45s, die preheating temperature of 250°C, and stirrer speed of 525 rpm. M2
sample showed the lowest porosity (5.29%) and significantly higher ultimate
compression strength (433 MPa) although it exhibited slightly lower hardness and
ultimate tensile strength when compared with the L6 and L5 samples, respectively.
Fifthly, hybrid AMC were produced to further enhance the performance. Five casts
(1% graphite+ Al2O3, 3% graphite+ Al2O3, 4% graphite+ Al2O3, 3% SiC+Al2O3, 6%
SiC+ Al2O3) were prepared with SAAW as matrix and alumina, graphite and SiC as
fillers with different percentage. AMC with 4% graphite along with alumina showed
highest tensile and compressive strength of 250 MPa and 508 MPa respectively,
followed by sample with 3% SiC and alumina.
Lastly, Friction Stir Welding (FSW) was carried our to check the weldability. L5, L6,
M2, and hybrid AMC samples were successfully welded using a cylindrical tool pin
with 4 mm pin depth, tool rotation of 1100 rpm and feed rate of 50 mm/min. Tensile
results from the welded zone showed that sample M2, and AMC with 4% graphite
exhibited high strength of 185 and 210 MPa respectively. From these results it can be
seen that this approach can easily be scaled up for production in large volumes as
well as opens avenues for developing AMCs reinforced with other waste materials.
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ﺗﻄﻮﯾﺮ وﺗﻮﺻﯿﻒ ﻣﻮاد ﻣﺮﻛﺒﺔ ﻣﺒﺘﻜﺮة وﻣﺴﺘﺪاﻣﺔ ﻣﺒﻨﯿﺔ ﻋﻠﻰ ﻣﻌﺪن اﻷﻟﻮﻣﻨﯿﻮم ﻛﻮﺳﻂ
اﻟﻤﻠﺨﺺ

ﻟﻘﺪ أﺛﺮ إﻧﺨﻔﺎض أﺳﻌﺎر اﻟﻨﻔﻂ اﻟﺨﺎم ﻋﻠﻰ اﻗﺘﺼﺎد دول أﻋﻀﺎء ﻣﺠﻠﺲ اﻟﺘﻌﺎون اﻟﺨﻠﯿﺠﻲ وﺑﺎﻷﺧﺺ
دوﻟﺔ اﻹﻣﺎرات اﻟﻌﺮﺑﯿﺔ اﻟﻤﺘﺤﺪة .وﻟﺬﻟﻚ ﻓﻘﺪ ﺑﺎت ﻣﻦ اﻟﻀﺮورة ﺗﺴﺮﯾﻊ ﺗﻨﻮﯾﻊ اﻻﻗﺘﺼﺎد .ﻣﻦ ﺑﯿﻦ
ً
ﻣﺠﺎﻻ واﻋﺪًا ﯾﻤﻜﻦ أن ﯾﻀﯿﻒ إﻟﻰ اﻟﻨﺎﺗﺞ اﻟﻤﺤﻠﻲ
اﻟﻌﺪﯾﺪ ﻣﻦ طﺮق اﻟﺘﻨﻮﯾﻊ اﻟﻤﺤﺘﻤﻠﺔ ،ﯾﻌﺪ اﻟﺘﺼﻨﯿﻊ
اﻹﺟﻤﺎﻟﻲ .دوﻟﺔ اﻹﻣﺎرات اﻟﻌﺮﺑﯿﺔ اﻟﻤﺘﺤﺪة ﺗﻤﺘﺎز ﺑﺎﻣﺘﻼﻛﮭﺎ ﺛﺮوة ھﺎﺋﻠﺔ ﻣﻦ اﻟﺼﺨﻮر اﻟﺼﻨﺎﻋﯿﺔ
واﻟﻤﻌﺎدن واﻟﻔﻠﺰات .ﯾﺘﻢ ﺗﺼﻨﯿﻊ وﺗﻮﺻﯿﻒ ﻣﻮاد ﻣﺮﻛﺒﺔ ﻣﻌﺘﻤﺪة ﻋﻠﻰ ﻣﻌﺪم اﻷﻟﻮﻣﻨﯿﻮم ﻛﻮﺳﻂ
ﻣﺮﻛﺒﺎت ﻣﺒﻨﯿﺔ ﻋﻠﻰ ﻣﻌﺪن اﻷﻟﻮﻣﻨﯿﻮم ) (AMCﻋﻠﻰ ﻧﻄﺎق واﺳﻊ واﺳﺘﺨﺪاﻣﮭﺎ ﻓﻲ اﻟﻌﺪﯾﺪ ﻣﻦ
اﻟﺼﻨﺎﻋﺎت ﺑﻤﺎ ﻓﻲ ذﻟﻚ ﻗﻄﺎع اﻟﻄﯿﺮان واﻟﺴﯿﺎرات .ﻓﻲ اﻟﺴﻨﻮات اﻟﻘﻠﯿﻠﺔ اﻟﻤﺎﺿﯿﺔ ،ازدادت اﻟﺤﺎﺟﺔ
اﻟﻌﺎﻟﻤﯿﺔ ﻟﻠﺒﺤﺚ ﻋﻦ ﻣﺮﻛﺒﺎت ﻣﺒﻨﯿﺔ ﻋﻠﻰ ﻣﻌﺪن اﻷﻟﻮﻣﻨﯿﻮم ﺑﺴﺒﺐ ﻣﺰاﯾﺎھﺎ اﻟﻌﺪﯾﺪة .ﯾﻌﺪ ﺗﺼﻨﯿﻊ
ﻣﻜﻮﻧﺎت اﻟﺴﯿﺎرات اﻟﻤﺼﻨﻮﻋﺔ ﻣﻦ اﻷﻟﻮﻣﻨﯿﻮم اﻟﻤﺮﻛﺐ ) (MMCﺻﻨﺎﻋﺔ ﻗﺎﺑﻠﺔ ﻟﻠﺘﻄﺒﯿﻖ ﺣﯿﺚ
ﯾﻤﻜﻦ ﻟﻠﺸﺮﻛﺎت اﻟﻤﺤﻠﯿﺔ أن ﺗﻜﻮن ﺟﺰ ًءا ﻣﻦ اﻟﺸﺮﻛﺔ اﻟﻤﺼﻨﻌﺔ ﻟﻠﻤﻌﺪات اﻷﺻﻠﯿﺔ ) (OEMﻟﻌﻤﺎﻟﻘﺔ
اﻟﺴﯿﺎرات اﻟﻌﺎﻟﻤﯿﯿﻦ .ﯾﺘﻄﻠﺐ ﺗﺼﻨﯿﻊ ﻣﺮﻛﺒﺎت ﻣﺼﻔﻮﻓﺔ اﻟﻤﻌﺪن اﻟﻤﺒﻨﯿﺔ ﻋﻠﻰ اﻷﻟﻮﻣﻨﯿﻮم )(MMC
ﻛﻼً ﻣﻦ ﻣﺎدة اﻟﻤﻌﺪن اﻟﻤﺮﻛﺐ )اﻷﻟﻮﻣﻨﯿﻮم( وﻣﻮاد اﻟﺘﻌﺰﯾﺰ ﻣﺜﻞ اﻷﻟﻮﻣﯿﻨﺎ ) (Al2O3وﻛﺮﺑﯿﺪ
اﻟﺴﯿﻠﯿﻜﻮن ) (SiCوﻏﯿﺮھﺎ .ﯾﺒﺮز ھﺬا اﻟﻌﻤﻞ طﺮﯾﻘﺔ ﻣﺘﺠﺪدة وﻓﻌﺎﻟﺔ ﻣﻦ ﺣﯿﺚ اﻟﺘﻜﻠﻔﺔ ﻟﺘﺼﻨﯿﻊ
 AMCوﺗﻮﺳﯿﻊ ﺗﻄﺒﯿﻘﺎﺗﮭﺎ .ﯾﺘﻌﺎﻣﻞ ھﺬا اﻟﻌﻤﻞ ﻣﻊ ﻣﻌﺎﻟﺠﺔ وﺗﻮﺻﯿﻒ ﻣﺮﻛﺒﺎت اﻟﻤﺒﻨﯿﺔ ﻋﻠﻰ ﻣﻌﺪن
اﻷﻟﻮﻣﻨﯿﻮم اﻟﻤﻌﺎد ﺗﺪوﯾﺮھﺎ ) (MMCاﻟﻤﺼﻨﻌﺔ ﺑﺎﺳﺘﺨﺪام ﻧﮭﺞ ﺟﺪﯾﺪ.
ﺑﺎﻟﺘﺰاﻣﻦ ﻣﻊ اﻟﺘﺮﻛﯿﺰ ﻋﻠﻰ اﻟﺘﺼﻨﯿﻊ اﻟﻤﺴﺘﺪام ،ﯾﮭﺪف ھﺬا اﻟﻌﻤﻞ إﻟﻰ اﺳﺘﺨﺪام ﻋﺠﻼت ﺳﺒﺎﺋﻚ
اﻷﻟﻮﻣﻨﯿﻮم اﻟﺨﺮدة ﻟﻠﺴﯿﺎرات ) (SAAWﻛﻤﺼﻔﻮﻓﺔ .ﺗﻢ اﻟﺤﺼﻮل ﻋﻠﻰ ﻋﺠﻼت ﺳﺒﺎﺋﻚ اﻷﻟﻮﻣﻨﯿﻮم
اﻟﺨﺮدة ﻟﻠﺴﯿﺎرات ) (SAAWﺑﺴﮭﻮﻟﺔ ﻣﻦ ﻋﺠﻼت اﻟﺴﯿﺎرات اﻟﺨﺮدة اﻟﻤﺘﻮﻓﺮة ﺑﻜﺜﺮة ﻓﻲ
اﻹﻣﺎرات اﻟﻌﺮﺑﯿﺔ اﻟﻤﺘﺤﺪة .ﺗﻢ اﻟﺤﺼﻮل ﻋﻠﻰ ﻣﺎدة اﻟﺘﺴﻠﯿﺢ ،اﻷﻟﻮﻣﯿﻨﺎ ،ﻣﻦ ﻣﺼﺎﻓﻲ اﻟﻨﻔﻂ اﻟﻤﺤﻠﯿﺔ،
ﺣﯿﺚ ﺗُﻌﺪ ﻣﺤﻔﺰ اﻷﻟﻮﻣﯿﻨﺎ اﻟﻤﺴﺘﮭﻠﻚ ) (SACﻣﺎدة ﻧﻔﺎﯾﺎت ﻣﻦ ﺗﻜﺮﯾﺮ اﻟﻨﻔﻂ اﻟﺨﺎم .ﻓﻲ اﻟﻮﻗﺖ
اﻟﺤﺎﺿﺮ ،ﺗﻮاﺟﮫ ﻣﺼﺎﻓﻲ اﻟﻨﻔﻂ ﻓﻲ اﻹﻣﺎرات اﻟﻌﺮﺑﯿﺔ اﻟﻤﺘﺤﺪة ﻣﺸﺎﻛﻞ ﻓﻲ اﻟﺘﺨﻠﺺ ﻣﻦ اﻟﻜﻤﯿﺔ
اﻟﮭﺎﺋﻠﺔ ﻣﻦ اﻟﻤﺤﻔﺰ اﻟﻤﺴﺘﮭﻠﻚ اﻟﻤﺘﻮﻟﺪ أﺛﻨﺎء ﺗﻜﺮﯾﺮ اﻟﻨﻔﻂ اﻟﺨﺎم .اﻟﮭﺪف اﻟﺮﺋﯿﺴﻲ ﻣﻦ ھﺬا اﻟﻌﻤﻞ ھﻮ
ﺗﺼﻨﯿﻊ ﻣﺮﻛﺒﺎت اﻟﻤﺒﻨﯿﺔ ﻋﻠﻰ ﻣﻌﺪن اﻷﻟﻮﻣﻨﯿﻮم ) (MMCﺑﺸﻜﻞ ﻣﺴﺘﺪام ﺑﺎﺳﺘﺨﺪام ﻋﺠﻼت ﺳﺒﺎﺋﻚ
اﻷﻟﻮﻣﻨﯿﻮم اﻟﺨﺮدة ﻟﻠﺴﯿﺎرات ) (SAAWﻛﻤﻌﺪن ﻣﺮﻛﺐ واﻟﻨﻔﺎﯾﺎت اﻟﺼﻨﺎﻋﯿﺔ ﻛﻤﻮاد ﻣﺎﻟﺌﺔ .ﻟﺘﺤﻘﯿﻖ
ذﻟﻚ ،اﻟﺨﻄﻮات اﻟﺘﺎﻟﯿﺔ ﻗﺪ اﺗﺒﻌﺖ.
أوﻻ ،ﺗﻢ ﺗﺼﻨﯿﻊ أرﺑﻊ ﻣﺮﻛﺒﺎت ﺑﺘﺮﻛﯿﺒﺎت ﻣﺨﺘﻠﻔﺔ ﻣﺜﻞ  LM25 + Al2O3و SAAW +
 Al2O3و  LM25 + SACو  SAC+SAAWﺑﺎﺳﺘﺨﺪام ﺻﺐ اﻟﺠﺎذﺑﯿﺔ .أظﮭﺮت اﻟﺘﺤﻠﯿﻼت
اﻟﻤﺠﮭﺮﯾﺔ واﻟﻤﯿﻜﺎﻧﯿﻜﯿﺔ ﺗﻮزﯾﻌًﺎ ﻏﯿﺮ ﻣﺘﺠﺎﻧﺲ ﻟﻠﺘﻌﺰﯾﺰات ذات اﻟﻤﺴﺎﻣﯿﺔ اﻟﻌﺎﻟﯿﺔ .ﻟﺬﻟﻚ ،ﻟﻢ ﯾﺘﻢ
اﺳﺘﺨﺪام ھﺬه اﻟﻄﺮﯾﻘﺔ ﻟﺘﺤﺴﯿﻦ وﺻﺐ .AMC
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ﺛﺎﻧﯿﺎ و ﻋﻠﻰ ﻏﺮار اﻟﻘﻮاﻟﺐ اﻟﺴﺎﺑﻘﺔ ،ﺗﻢ ﺻﻨﻊ أرﺑﻊ ﻣﺮﻛﺒﺎت ﻣﻦ  LM25 + Al2O3و SAAW
 + Al2O3و  LM25 + SACو  SAAW + SACﻣﻦ ﺧﻼل اﻟﺼﺐ ﺑﺎﻟﻀﻐﻂ .أظﮭﺮت ھﺬه
اﻟﻄﺮﯾﻘﺔ ﻗﻮة أﻓﻀﻞ ﻋﻨﺪ ﻣﻘﺎرﻧﺘﮭﺎ ﺑﻌﯿﻨﺎت اﻟﺠﺎذﺑﯿﺔ اﻟﻤﺼﺒﻮﺑﺔ .أظﮭﺮ  SAAW + Al2O3ﺗﻮزﯾﻌًﺎ
ﻣﻨﺘﻈ ًﻤﺎ ﺗﻘﺮﯾﺒًﺎ ﻟﺠﺰﯾﺌﺎت اﻟﺘﻌﺰﯾﺰ وﺧﺼﺎﺋﺺ ﻣﯿﻜﺎﻧﯿﻜﯿﺔ ﻓﺎﺋﻘﺔ ﻣﻊ أدﻧﻰ ﻣﺴﺎﻣﯿﺔ ) ،(٪7.3وأﻋﻠﻰ
ﺻﻼﺑﺔ ) ،(VHN 69وأﻗﻞ ﺧﺴﺎرة ﺗﺂﻛﻞ ﻛﺸﻂ ) 0.001ﺟﻢ( ،وﺛﺎﻧﻲ أﻋﻠﻰ ﺷﺪ ) 129ﻣﯿﺠﺎ
ﻀﺎ أن
ﺑﺎﺳﻜﺎل( وﺿﻐﻂ ) 320ﻣﯿﺠﺎ ﺑﺎﺳﻜﺎل( اﻟﻘﻮة ﺑﯿﻦ اﻟﻤﺮﻛﺒﺎت اﻷرﺑﻌﺔ .ﻛﺸﻔﺖ اﻟﻨﺘﺎﺋﺞ أﯾ ً
ﺗﺤﺴﯿﻦ ﻣﻌﻠﻤﺎت ﻋﻤﻠﯿﺔ اﻟﺼﺐ ﺑﺎﻟﻀﻐﻂ اﻟﺘﺤﺮﯾﻚ ﯾﻤﻜﻦ أن ﯾﺴﺎھﻢ ﺑﺸﻜﻞ أﻛﺒﺮ ﻓﻲ أداء AMCs
اﻟﻤﻌﺎد ﺗﺪوﯾﺮھﺎ.
ﺛﺎﻟﺜﺎ ،ﺗﻢ اﺳﺘﺨﺪام اﻟﺘﺤﻠﯿﻞ اﻟﻌﻼﺋﻘﻲ ) Taguchi-Gray (GRAﺑﻨﺠﺎح ﻷول ﻣﺮة ﻟﻠﺘﻌﺎﻣﻞ ﻣﻊ
ﻧﻈﺎم أھﺪاف اﻻﺳﺘﺠﺎﺑﺔ اﻟﻤﺘﻌﺪدة ﻟﺘﺤﺴﯿﻦ ﻣﻌﻠﻤﺎت اﻟﻌﻤﻠﯿﺔ ﻓﻲ ﺻﺐ اﻟﻀﻐﻂ ﻟـ  .AMCsﺗﻢ
اﺳﺘﺨﺪام ھﺬه اﻟﻄﺮﯾﻘﺔ ﻟﺘﺤﺪﯾﺪ اﻟﺤﺎﻟﺔ اﻟﻤﺜﻠﻰ ﻣﻊ اﻟﺤﺪ اﻷدﻧﻰ ﻣﻦ ﻣﺠﻤﻮﻋﺔ اﻟﺘﺠﺎرب ،واﻟﺘﻲ ﺗﻜﻮن
ذات ﺻﻠﺔ ﻓﻲ ﻋﻤﻠﯿﺔ ﺻﺐ اﻟﺘﺤﺮﯾﻚ واﻟﻀﻐﻂ .طﻮرت طﺮﯾﻘﺔ ﺗﺎﺟﻮﺷﻲ  9ﻋﯿﻨﺎت )(L1-L9
وأظﮭﺮ ﻣﻦ ﺑﯿﻦ  L5و L6أﻓﻀﻞ اﻟﺨﻮاص اﻟﻤﯿﻜﺎﻧﯿﻜﯿﺔ .وﺑﺎﻟﺘﺎﻟﻲ ،ﻓﺈن اﻟﻤﺴﺘﻮﯾﺎت اﻟﻤﺜﻠﻰ ﻟﻤﻌﻠﻤﺎت
اﻟﻌﻤﻠﯿﺔ ھﻲ ﺿﻐﻂ ﯾﺒﻠﻎ  100ﻣﯿﺠﺎ ﺑﺎﺳﻜﺎل ،ووﻗﺖ ﺿﻐﻂ ﯾﺒﻠﻎ  30ﺛﺎﻧﯿﺔ ،ودرﺟﺔ ﺣﺮارة اﻟﺘﺴﺨﯿﻦ
اﻟﻤﺴﺒﻖ ﻟﻠﻘﺎﻟﺐ ﺗﺒﻠﻎ  250درﺟﺔ ﻣﺌﻮﯾﺔ وﺳﺮﻋﺔ ﻣﺤﺮك  525دورة ﻓﻲ اﻟﺪﻗﯿﻘﺔ.
راﺑﻌﺎ ،ﺗﻢ إﺟﺮاء اﺧﺘﺒﺎر ﺗﺄﻛﯿﺪ  Taguchiﺑﻨﺎ ًء ﻋﻠﻰ اﻟﺨﻮاص اﻟﻤﯿﻜﺎﻧﯿﻜﯿﺔ اﻟﺘﻲ ﺗﻢ اﻟﺤﺼﻮل ﻋﻠﯿﮭﺎ
وأظﮭﺮت طﺮﯾﻘﺔ  L6ﺗﺤﺴﻨًﺎ ﻓﻲ ﻗﯿﻤﺔ  GRGﺑﻨﺴﺒﺔ  .٪12.5ﺑﻨﺎ ًء ﻋﻠﻰ اﺧﺘﺒﺎر اﻟﺘﺄﻛﯿﺪ ،ﺗﻢ إﻧﺘﺎج
ﺴﻨﺔ  M2ﺑﺎﺳﺘﺨﺪام ﺿﻐﻂ ﯾﺒﻠﻎ  100ﻣﯿﺠﺎ ﺑﺎﺳﻜﺎل ،وزﻣﻦ ﺿﻐﻂ  45ﺛﺎﻧﯿﺔ ،ودرﺟﺔ
اﻟﻌﯿﻨﺔ اﻟﻤﺤ ّ
ﺣﺮارة اﻟﺘﺴﺨﯿﻦ اﻟﻤﺴﺒﻖ ﻟﻠﻘﺎﻟﺐ ﺗﺒﻠﻎ  250درﺟﺔ ﻣﺌﻮﯾﺔ ،وﺳﺮﻋﺔ ﻣﺤﺮك  525دورة ﻓﻲ اﻟﺪﻗﯿﻘﺔ.
أظﮭﺮت ﻋﯿﻨﺔ  M2أﻗﻞ ﻣﺴﺎﻣﯿﺔ ) (٪5.29وأﻋﻠﻰ ﺑﻜﺜﯿﺮ ﻣﻦ ﻣﻘﺎوﻣﺔ اﻟﻀﻐﻂ اﻟﻘﺼﻮى ) 433ﻣﯿﺠﺎ
ﺑﺎﺳﻜﺎل( ﻋﻠﻰ اﻟﺮﻏﻢ ﻣﻦ أﻧﮭﺎ أظﮭﺮت ﺻﻼﺑﺔ أﻗﻞ ﻗﻠﯿﻼً وﻗﻮة ﺷﺪ ﻧﮭﺎﺋﯿﺔ ﻋﻨﺪ ﻣﻘﺎرﻧﺘﮭﺎ ﻣﻊ ﻋﯿﻨﺎت
 L6و  L5ﻋﻠﻰ اﻟﺘﻮاﻟﻲ.
ﺧﺎﻣﺴﺎ ،ﻟﺘﻌﺰﯾﺰ أداء  AMCsاﻟﻤﻌﺎد ﺗﺪوﯾﺮھﺎ اﻟﻤﻨﺘﺠﺔ ،ﺗﻢ ﺗﻘﺪﯾﻢ ﺗﻌﺰﯾﺰات ھﺠﯿﻨﺔ أﺛﻨﺎء اﻟﺼﺐ .ﺗﻢ
ﺗﺤﻀﯿﺮ ﺧﻤﺲ ﻗﻮاﻟﺐ ) ٪1ﺟﺮاﻓﯿﺖ  ٪3 ،Al2O3 +ﺟﺮاﻓﯿﺖ  ٪4 ،Al2O3 +ﺟﺮاﻓﯿﺖ +
 (SiC + Al2O3 ٪6 ،SiC + Al2O3 ٪3 ،Al2O3ﺑﺎﺳﺘﺨﺪام  SAAWﻛﻤﺼﻔﻮﻓﺔ وأﻟﻮﻣﯿﻨﺎ
 ،ﺟﺮاﻓﯿﺖ و  SiCﻛﻤﻮاد ﻣﺎﻟﺌﺔ ﺑﻨﺴﺐ ﻣﺨﺘﻠﻔﺔ .أظﮭﺮ  AMCﻣﻊ  ٪ 4ﻣﻦ اﻟﺠﺮاﻓﯿﺖ ﻣﻊ اﻷﻟﻮﻣﯿﻨﺎ
أﻋﻠﻰ ﻣﻘﺎوﻣﺔ ﺷﺪ واﻧﻀﻐﺎط ﺗﺒﻠﻎ  250ﻣﯿﺠﺎ ﺑﺎﺳﻜﺎل و  508ﻣﯿﺠﺎ ﺑﺎﺳﻜﺎل ﻋﻠﻰ اﻟﺘﻮاﻟﻲ ،ﺗﻠﯿﮭﺎ ﻋﯿﻨﺔ
ﻣﻊ  ٪ 3ﻛﺮﺑﯿﺪ وأﻟﻮﻣﯿﻨﺎ.
أﺧﯿﺮا ،ﻟﺘﻘﺪﯾﺮ ﻗﺎﺑﻠﯿﺔ اﻟﻠﺤﺎم ﻟـ  AMCاﻟﻤﻄﻮرة ،اﻟﻠﺤﺎم اﻻﺣﺘﻜﺎﻛﻲ ،ﺗﻢ اﺳﺘﺨﺪام ﺗﻘﻨﯿﺔ ﻟﺤﺎم أﻛﺜﺮ
ﺻﺪاﻗﺔ ﻟﻠﺒﯿﺌﺔ .ﺗﻢ ﻟﺤﺎم ﻋﯿﻨﺎت  L5و  L6و  M2و  AMCاﻟﮭﺠﯿﻨﺔ ﺑﻨﺠﺎح ﺑﺎﺳﺘﺨﺪام دﺑﻮس أداة
أﺳﻄﻮاﻧﻲ ﺑﻌﻤﻖ  4ﻣﻢ ،ودوران اﻷداة  1100دورة ﻓﻲ اﻟﺪﻗﯿﻘﺔ وﻣﻌﺪل ﺗﻐﺬﯾﺔ ﯾﺒﻠﻎ  50ﻣﻢ  /دﻗﯿﻘﺔ.
أظﮭﺮت ﻧﺘﺎﺋﺞ اﻟﺸﺪ ﻣﻦ اﻟﻤﻨﻄﻘﺔ اﻟﻤﻠﺤﻮﻣﺔ أن اﻟﻌﯿﻨﺔ  M2و  AMCﻣﻊ  ٪4ﻣﻦ اﻟﺠﺮاﻓﯿﺖ أظﮭﺮوا
ﻗﻮة ﻋﺎﻟﯿﺔ ﺗﺒﻠﻎ  185و  210ﻣﯿﺠﺎ ﺑﺎﺳﻜﺎل ﻋﻠﻰ اﻟﺘﻮاﻟﻲ .ﻣﻦ ھﺬه اﻟﻨﺘﺎﺋﺞ ،ﯾﻤﻜﻦ ﻣﻼﺣﻈﺔ أﻧﮫ ﯾﻤﻜﻦ
ﺑﺴﮭﻮﻟﺔ ﺗﻮﺳﯿﻊ ﻧﻄﺎق ھﺬا اﻟﻨﮭﺞ ﻟﻺﻧﺘﺎج ﺑﻜﻤﯿﺎت ﻛﺒﯿﺮة وﻛﺬﻟﻚ ﯾﻔﺘﺢ اﻟﺴﺒﻞ ﻟﺘﻄﻮﯾﺮ AMCs
ﻣﻌﺰزة ﺑﻤﻮاد اﻟﻨﻔﺎﯾﺎت اﻷﺧﺮى.
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ﻣﻔﺎھﯿﻢ اﻟﺒﺤﺚ اﻟﺮﺋﯿﺴﯿﺔ :ﻣﺮﻛﺒﺎت ﻣﺼﻔﻮﻓﺔ اﻷﻟﻮﻣﻨﯿﻮم ) ،(AMCsﻋﺠﻠﺔ ﺳﺒﺎﺋﻚ اﻷﻟﻮﻣﻨﯿﻮم
اﻟﺨﺮدة ) ،(SAAWﻣﺤﻔﺰ اﻷﻟﻮﻣﯿﻨﺎ اﻟﻤﺴﺘﮭﻠﻚ ) ،(SACاﻷﻟﻮﻣﯿﻨﺎ ،ﻟﺤﺎم ﺿﺠﺔ اﻻﺣﺘﻜﺎك
) ،(FSWاﻟﺨﻮاص اﻟﻤﯿﻜﺎﻧﯿﻜﯿﺔ ،اﻟﺨﻮاص اﻟﺘﺮاﯾﺒﻮﻟﻮﺟﯿﺔ.
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Chapter 1: Introduction
1.1 Overview of Composite Materials
Composite materials play a vital role in the present modern industrial sector. The
fabrication and the use of composite materials by the human race dates back to over
6000 years ago when the first recorded composite, wattle, and daub, were used as
building materials for wall construction (Shaffer, 1993).
Composites are engineered materials that consist of two or more constituent
materials with wide discrepancies in their physical, chemical, and mechanical
properties. The characteristic properties of these composite are a result of the
individual properties of their constituent parts and their respective volume fractions
and arrangements in the material system. Depending on the intended application,
composites can be designed to satisfy specific geometrical, structural, mechanical,
chemical, and sometimes aesthetic (Egbo, 2020). Composite materials are generally
classified into three different types based on matrix and reinforcement materials, as
shown in Figure 1.
1) Metal Matrix Composites (MMC).
2) Polymer Matrix Composites (PMC).
3) Ceramic Matrix Composites (CMC).
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Figure 1: Type of matrix material (Egbo, 2020)
In recent years, researchers have improved Metal Matrix Composites (MMCs)
mechanical properties, and they have become part of daily life. Global MMC market
revenue was USD $228.7 million in 2012, and in 2019 the market size was valued at
USD 339.3 million. It is expected to grow at a Compound Annual Growth Rate
(CAGR) of 6.4% from 2020 to 2027 (Newswire, 2020). Figure 2 shows global MMC
market projection developed by Global Industry analysts has predicted to reach USD
620.4 million by 2027 with a CAGR of 4.4%. The transportation segment's MMC
market share was USD $119.6 million in 2012, and it is expected to reach USD
$184.2 million by 2022. Gupta et al. (2006) reported that more than 5.5 million kg of
MMCs were used in 2006, and steep annual growth of more than 8% has occurred
since then.
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Figure 2: Projected global market for Metal Matrix Composites (Global Industry
Analysts, 2020)
1.1.1 Aluminum Alloys (AA) and Aluminum Matrix Composites (AMC’s)
Aluminum (Al) metal is widely available in the earth's crust and accounts for about
8% by weight of the earth stable surface. The properties such as high strength to
weight ratio, ductility, durability, etc., and abundant availability has attracted both
researchers and industries to prefer aluminum. The synthesis of cast aluminum
matrix composites with ceramic particle reinforcement dates back to 1965 when
Pradeep Rohatgi discovered it (Gupta et al., 2006). Since then, many researchers
have investigated the development and characterization of MMCs. Over the past
three decades, MMCs have transformed from research to commercialization. The
worldwide MMC markets as of 2004 are more than 3500 metric tons and are
increasing rapidly at an annual growth rate exceeding 6% (Gupta et al., 2006). The
functional properties such as high structural efficiency, excellent wear resistance,
attractive thermal and electrical characteristics exhibited by MMCs have enabled
them to be applied in ground transportation (auto and rail), thermal management,
aerospace, industrial, recreational and infrastructure industries (Miracle, 2005).
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MMCs have already been commercialized in a large number of high-performance
applications (Gupta et al., 2006) because of their high strength-to-weight ratio, high
stiffness, and good wear resistance. Fuel savings of 5% - 7% can be realized for
every 10% weight reduction by substituting Al for heavier steel through appropriate
design. Hence, conservational sustainability in the manufacturing of Al-based
materials is currently a serious dispute and key concefrn for effective use of materials
and energy (Cui and Roven, 2010). Currently, MMCs are used in several automotive
applications such as cylinder liners, pistons, connecting rods, camshafts, tappets,
brake caliper, brake rotors and much more.
Because of these reasons, the global demand for Al has increased (Gangil et al.,
2017). By 2020, worldwide consumption of Al products is expected to double, driven
by the growth and industrialization in China, India, Russia, and Brazil according to
Alcoa’s 2005 Annual Report. Aluminum Matrix Composites (AMC’s) is projected to
record a 4.2% CAGR and reach USD $271.2 Million by the end of 2027 (Global
Industry Analysts, 2020).
1.1.2 Scrap Aluminum Alloy Wheel (SAAW)
Wheels are one of the main parts where aluminum alloys are applied, together with
car frame and engine parts (Tocci et al., 2015). The use of light alloys for wheel
production in the European market in the year 2000 covered about 30-35% of cars,
while in the year 2011, about 50% of the vehicles produced worldwide used
Aluminum wheels (Hanko et al., 2002). The important features of these lightweight
wheels are their high strength-to-weight ratio, low cost, and corrosion-resistant (Davis,
1993).
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According to a recent report by Sullivan (2019) vehicle sales in the GCC countries
are set on a high-growth path. This means in the future; more cars would also be
scrapped at the end of life. Scrap alloy wheels are available in large quantities in UAE
and are available at a very low price compared to virgin alloy. The SAAW from cars is
usually the LM25 grade that is commonly used as a matrix material in MMCs. Figure 3
shows a scrap yard of the UAE. The recycling of scrap aluminum has significant

environmental, economic and sustainability implications.

Figure 3: Scrap Aluminum Alloy Wheel dumped yards in Sharjah

1.1.3 Reinforcements
Reinforcements in aluminum metal matrix composites can be in particulate, whisker,
continuous or discontinuous fibers. Their addition to the base metal may vary in
percentage resulting in improved properties. Composites having aluminum as base
metal gives the following advantages: higher strength, improved stiffness, reduced
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density, survival at high temperature, high wear and corrosion resistance, improved
damping capabilities compared to composites with other base metals such as copper,
iron, etc. (Christensen, 2012). In MMC’s generally matrix component is more in
quantity and reinforcement is a contrasting phase distributed in the matrix in order to
reinforce it. The reinforcement particles aim to give high strength and stiffness to the
composite and the aim of the matrix is to bind the reinforced particles together by
virtue of its adhesive and cohesive nature and to transfer the load to and between
reinforcements.
1.1.4 Spent Alumina Catalyst (SAC)
A few researchers have investigated using the spent catalyst waste for
producing building materials (Al-Dhamri and Melghit, 2010; Al-Siyabi et al., 2013).
The value addition in such building material applications is relatively low when
compared to using the waste in high-performance applications such as components
for automotive industries. SAC mainly consists of Al2O3 (71.38 wt.%) (Al-Dhamri
and Melghit, 2010) and so could be easily used as a reinforcement for producing
AMC reinforced with Alumina. Around 200–500 kg of waste SAC is produced daily
in oil refineries in UAE and poses an environmental threat (Al-Dhamri and Melghit,
2010).
1.1.5 Squeeze Stir Casting
AMCs are normally produced by the established casting route namely stir casting
(Kumar et al., 2017). Although stir casting is an economical process to produce
casted components, they suffer from porosity issues, which prevents their use for
producing high-strength components. To overcome this issue, squeeze casting has
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been adopted by researchers. Squeeze casting is a combination of casting and
hydraulic forging as schematically shown in Figure 4. In this process, the liquid
metal is poured into the die and immediately forged using the hydraulic press at high
pressure. The runway is connected between the bottom pouring and the mold to
transfer molten metal from the furnace to the die.

Figure 4: Stir-squeeze casting setup used for producing the AMMCs

1.1.6 Casting Paraments
The particular advantages of the stir casting process lie in its simplicity, costeffectiveness, flexibility, and applicability to more significant size components and
mass production. Selection of optimum parameters of stirring speed, stirring time,
uniform feed rate of particles preheating temperature of the mold results in
homogenous mixing and wetting of reinforced particles with the base metal. It is
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seen that the cost of manufacturing composite materials using a conventional casting
method is about one-third to half as that of competitive methods and, for high
volume production, this cost is expected to reach the level of one-tenth (Sajjadi et al.,
2012).
1.1.7 Friction Stir Welding (FSW)
Friction Stir Welding (FSW) is a solid-state joining process developed at TWI Ltd in
1991. FSW works by using a non-consumable tool, which is rotated and plunged into
the interface of two workpieces. The tool is then moved through the interface and the
frictional heat causes the material to heat and soften. The rotating tool then
mechanically mixes the softened material to produce a solid-state bond. The FSW
process is illustrated in Figure 5.

Figure 5: Depiction of the principle of Friction Stir Welding (Kryukov et al., 2016)
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Traditional welding methods result in matrix-reinforcement interactions at high
temperatures, leading to the formation of a secondary brittle material phase (Salih et
al., 2015). However, FSW and Friction Stir Spot Welding (FSSW) enhance the
mechanical strength of MMC joints, due to a reduction in weld zone defects such as
porosity, distortion effect, cracking, and reinforcement resolution (El-Sayed et al.,
2015; Mourad et al., 2005).
1.2 Problem Statement
A recent study conducted by Augustine indicated that for Gulf Cooperation Council
countries (GCC) economy is far from being diversified and still heavily relies on oil
revenues that contribute to 49% of the GDP while manufacturing contributes to only
9.7% of the GDP (Augustine, 2020). The six GCC states have experienced the recent
plunge in oil prices, and it was their biggest economic challenge in history, according
to the Institute of International Finance (IIF) (Nations, 2020). It is now a vital step to
the UAE to diversify their economy, especially from Non-oil-based industries.
Spent Alumina Catalyst (SAC) is a waste material from crude oil refining. Presently
the oil refineries in UAE and GCC face problems in disposing the huge quantity of
spent catalyst generated during the refining of crude oil. Few researchers have
proposed to use the spent catalyst as additive in making building materials such as
tiles or as a substitute for bauxite in clinker preparation (Al-Dhamri and Melghit,
2010; Al-Siyabi, 2013). However, the value addition of these products may not be
that high when compared to automotive components that could be produced from the
spent catalyst.
At present in GCC countries, nearly 23% of the vehicles are more than 11 years old,
out of which almost 7.7% are over 15 years old and close to their End of Life (EOL)
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(Newswire, 2020). By 2022, this percent is bound to increase by 27% and 12%,
respectively. Today, the “Environment relevance” has very high importance in
promoting End of Life of Vehicles (ELV), globally. It allows the recycling of
valuable materials and provides solutions against hazardous components, which
come from abandoned vehicles and improper dismantling practices.
From all these problems, it can be understood that there is a huge opportunity for
value addition and sustainable development in the manufacturing sector and that can
contribute to the diversification of the economy of GCC countries.
1.3 Research Objectives
In this research, a novel AMC's have been developed using squeeze-casting process
and were subjected to various material characterizations.
The objectives of this work are:
1) To see the feasibility of manufacturing MMC by stir casting using scrap
alloy wheels and spent catalyst from oil refineries.
2) To produce AMCs and to characterize physical properties such as porosity,
hardness, tensile strength, compressive strength, wear resistance, and their
weldability through FSW process.
3) To optimize squeeze, stir casting parameters using Taguchi method.
4) To develop and characterize the optimized AMC’s.
5) To compare the sustainable casts with hybrid AMCs with SiC and graphite
fillers in varying percentage.
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1.4 Research Overview (Sustainable Manufacturing)
Sustainability is the creation of manufactured products through economically sound
processes that minimize negative environmental impacts while conserving energy
and natural resources. Rajagopal et al. (2017), have adopted a sustainable approach
in producing sustainable composite panels using waste printed circuit boards and
automotive plastic parts.
In this research, a sustainable approach has been made to develop AMCs using
cheaper matrix and reinforcement materials. The SAAW from cars are usually the
LM25 grade that is commonly used as a matrix material in AMCs. Scrap alloy
wheels are available in large quantity in Oman and at a very low price compared to
the virgin alloy. As discussed earlier, SAC from oil refineries could be used as a
cheaper reinforcement material. This sustainable approach also avoids accumulation
of waste alloy wheels, which in UAE are presently used mostly for producing
building materials such as hand rails, handles for doors and others. Refining of
aluminum is quite complicated compared to other base metals (Paraskevas et al.,
2015) and hence the approach adopted in this research will not only help in directly
utilizing the SAAW as a matrix material but also provide a better value addition.
This will also open up more avenues for Al based industrial development creating
employment opportunities for the society. Moreover, production of aluminum
involves very high energy consumption (Zhang et al., 2016) since it is based on
electrolytic reduction process that involves very high current - it is estimated that 2040% of the cost of aluminum

production is accounted for the electric power

consumed during production (“The Aluminum Association,” 2017). Hence, the
present approach adopted is environment friendly since SAAW is being used as the
major raw material for producing the AMC. It is reported that by recycling
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aluminum, more than 94% of the global warming and fossil fuel depletion impacts
can be eliminated (Zhang et al., 2016). Also, transmuting waste material into value
added composite materials for different applications results in the conservation of
natural resources. Economic benefits are also delivered by the reduced cost of the
scrap materials. Figure 6 shows the sustainable approach of the usage of scrap
materials to attain benefits.

Figure 6: The sustainable approach for the use of scrap materials to attain benefits

1.5 Research Methodology and Dissertation Outline
The dissertation is organized into eight chapters. An organization of research work is
shown in Figure 7. As Figure 7 below illustrates, the research process in this
dissertation has been largely structured in accordance with deductive reasoning, as
described by Williamson (2002). The dissertation begins with the establishing of the
topic of interest towards the sustainable manufacturing of AMCs so as to fulfil both
the criteria of industry-applicable research and scientific areas. Extensive literature
survey on production process of AMCs and casting methods is presented in Chapter
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2. Chapter 3 focusses on casting method used and various experimental procedures
used in characterizing the AMCs. Chapters 4, 5 and 6 are presents the results and
discussion on microstructure, mechanical analysis, and statistical optimization
respectively. The dissertation ends by discussing important conclusive results and
future scope of work.
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Chapter 2: Literature Survey
2.1 Introduction
There is an increasing demand for reducing the weight of components in the
automobile and aerospace industries to enhancing fuel efficiency. Therefore, there is
a need for alternatives lightweight metals and composites such as aluminum and
magnesium alloys. Recently, the need for research in Al MMCs has increased
significantly owing to their high strength-to-weight ratio, low cost, and high wear
resistance. In 2012, global revenue for the MMC market was USD $228.7 million
and expanded to USD $357.3 million in 2019. Gupta et al. (2006) reported the
utilization of more than 5.5 million kg of MMCs in 2006 and predicted steep growth
in the annual development rate of approximately 8%. Collectively, Al MMCs and Ni
MMCs form the highest share in the global MMC market. This is due to the
materials’ superior properties involving thermal expansion, thermal diffusivity, and
compressive strength, as well as tribological behavior. It is thus understood that, Metal
Matrix Composites (MMC’s) have been used increasingly in various applications today.
A comprehensive review of relevant research work done in the area of production of
metal matrix composites by stir casting is presented in this chapter.

2.2 Composite Materials
Traditional monolithic materials are mainly categorized into three types; they are
metals, ceramics, and polymers. Composite materials are combination of two or
more materials from one or more of these types (Christy, Mourad and Arunachalam,
2020). Composite materials are usually classified according to matrix material and
reinforcement materials. Polymer Matrix Composites (PMCs), Ceramic Matrix
Composites (CMCs) and Metal Matrix Composites (MMCs) are come under first
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category (Clyne and Hull, 2019). The second category includes particulate
composites, fibrous composites and laminate composites (Miracle, 2005). As
compared to PMCs and CMCs, MMCs play an important role in engineering
materials due to its good strength to weight ratio. Particularly, MMCs have received
significant attention towards several high-performance applications in aerospace,
electronic packaging, automotive and recreational products (Verma and Khvan,
2019). In the second half of the twentieth century, MMCs are extensively recognized
as advanced materials for engineering applications. A remarkable progress in
application of MMCs has been registered on many fronts especially in composites
with aluminum and aluminum alloys as the metal matrix. For more than five decades
composite materials have achieved good track record and received significant
traction in the aerospace industry, automotive, opto-mechanical assemblies, braking
systems of trains and cars, gas turbine engines, helicopters, military aircrafts, etc
(Christensen, 2012). In the recent times the first-generation AMCs are replaced
gradually with hybrid aluminum metal matrix composites called as second
generation or new generation metal matrix composites to meet the advanced
engineering applications. In addition to using a single reinforcement in AMCs, the
scheme of incorporating at least two reinforcements provides a scope to tailor the
properties of composites called hybrid aluminum metal matrix composites (Bodunrin
et al., 2015). Though the development of hybrid aluminum metal matrix composites
is at the research stage, they are anticipated to have substantial structural applications
in aerospace industry (Parikh et al., 2019).
MMC is combination of ductile metal or alloy matrix reinforced with other metal,
nonmetallic or organic compounds (Vinson and Chou, 1975). It is produced by
implanting the reinforcements into the metal matrix. MMCs can be produced using a
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strong reinforcement material which is incorporated into a matrix material to
improve its properties such as specific strength, specific stiffness, wear resistance,
excellent corrosion resistance and high elastic modulus (Suryanarayanan et al.,
2013). Magnesium based composites have fascinated significant attention due to its
attractive mechanical properties over monolithic alloy (Hanko et al., 2002). But some
disadvantages have restricted the progress of magnesium usage in automobiles. The
primary reason is high-temperature creep of the material, which is not desirable
applications also magnesium composite has low ductility and low resistance to
fracture. Mg is very reactive at elevated temperature, however it can be controlled
with surface coatings or naturally occurring oxide (Lü et al., 2000). A major
disadvantage of using iron as matrix is its brittleness and less impact strength
compared with composites. Therefore, steel-based metal matrix composites show
great potential only for wear-resistant applications. It is not suitable for marine
environment application (Bodunrin et al., 2015). Copper-based MMCs are mainly
used for the application where the thermal and electrical conductivity property plays
major role, for many applications, pure Cu cannot be used as matrix because of its
low strength (Singh and Chauhan, 2016). As a result, engineers are adopting MMCs
for most of the applications. Among the several available matrix materials, aluminum
and its alloys are widely used to produce MMCs. Some of the attractive properties of
aluminum are less weight, economically feasible, easy to process with different
techniques and possess high strength to weight ratio and good resistance to corrosion
(Dhanashekar and Kumar, 2014). The selection of reinforcement materials is based
on the objectives and applications of composite. The reinforcement of light metals
opens up the possibility of application where weight reduction has first priority
(Parikh et al., 2019). Aluminum (Al) reinforced with SiC or Al2O3 is one of the most
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commonly used MMCs which produce improved mechanical properties and
relatively production cost is low. This attracts many engineers to Aluminum Metal
Matrix Composites (AMC) for various applications such as brake rotor, drive shafts,
pistons, cylinder liner, etc. (Park et al., 2009) . The interfacial bonding in the
composite materials is the serious concern during the fabrication of composite
materials. If the matrix and reinforcement materials are not tailored properly, then
difficult to get the expected properties from the fabricated composites. The
composites made by several researchers with different matrix and reinforcement
materials are given in the Figure 8. Among the several reinforcement, Al2O3 is
considered as an ideal dispersoid because of its good interfacial compatibility and
non- degrading surface with liquid aluminum (Mishra et al., 2012) and SiC is
thermodynamically unstable in molten aluminum at around temperatures exceeding
1000 K (James et al., 2014).
The AMCs properties are mostly rely upon the processing method so the selection of
fabrication method plays an important role to comply the industrial needs and to
produces the good properties (Christy, Mourad and Tiwari, 2020). The disadvantage of
producing AMCs usually lies in the relatively high cost of fabrication and of the
reinforcement materials. The cost-effective method for manufacturing composites is very
important for expanding their applications (Ravi et al., 2015). The major fabrication
methods used for bulk aluminum metal matrix composites are stir casting, compo
casting, infiltration, direct melt oxidation process and powder metallurgy (Bodunrin et
al., 2015). The conceivable parameters to improve the properties of MMCs such as
porosity, hardness, wear resistance, tensile and compressive strength are shown in the

Figure 9.
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2.3 Production Process of MMC’s
There are various processes feasible to fabricate MMCs, this can be classified
according to whether they are primarily based process such as treating the metal
matrix in a liquid or a solid form or secondary based process such as screw extrusion,
spray deposition and accumulative roll bonding as shown in Figure 10. The
production factors have an important influence on its mechanical properties as well
as economical efficient and the application of the MMC. Particulate-reinforced
MMC materials may be produced either through bulk processing or applied as
coatings. This section aims to discuss MMC materials produced only through bulk
processing.

Spark Plasma Sintering
(SPS)
Solid State
Processing

High Energy Ball Mill Mixing
And Sintering (HEBMMS)
Vacuum/Gas Sintering
(VGS)

Microwave Sintering

Production Processes for MMC

Melt Infiltration (MI)
Pressure Infiltration (PI)
Infiltration Method

Gas Infiltration (GI)
Vacuum Pressure
Infiltration (VPI)

Liquid State
Processing

Casting Method

Other techniques

Vapor Infiltration
(VI)

High Pressure
Centrifugal
Infiltration (HPCI)

Stir/ Gravity
Casting (SGC)

Centrifugal Casting

Spray Deposition
(SD)
Screw Extrusion
(SE)

Accumulative Roll
Bonding (ARB)

Figure 10: Production process for MMC
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2.3.1 Solid State Processing /Powder Metallurgy
Solid state fabrication of MMC’s is the process of bonding matrix material and
reinforcements due to mutual diffusion arising between them in solid states at higher
temperature and under pressure.
2.3.2 Spark/Plasma Sintering
The term Spark Plasma Sintering (SPS) is generally used to identify a sintering
technique involving the contemporaneous use of uniaxial pressure and high-intensity,
low-voltage, pulsed current. In general terms, SPS can be considered a modification of
hot pressing, where the furnace is replaced by the mold containing the sample, that is
heated by a current flowing directly through it and eventually through the sample. James
et al. (2014) reported that sintering of Al2O3–SiC composite was produced successfully
using Spark Plasma Sintering (SPS). SPS increases mold and composite powder’s
temperature rapidly and the pressure applying during the heating can increase the driving
force of process and enable the sintering process. Electrical current can condense the
powder in mold by creating of many sparks between particles and creating of plasma
environment. The composites obtained highest hardness of 324.6 HV by adding 20 wt.%
SiC (Suryanarayanan et al., 2013). Mourad et al. (2020), reported that the distribution of
alumina particles in the aluminum matrix is homogeneous and uniform in micro
composites.

2.3.3 High Energy Ball Mill Mixing and Sintering
High-energy ball milling is a ball milling process in which a powder mixture placed
in a ball mill is subjected to high-energy collisions from the balls (Abdoli et al.,
2009). Mosawi et al. (2017) reported that high-energy ball milling and sintering
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(HEBMS) with the milling speed of 300 rpm is successfully used to produce a metal
matrix composite of Al–Mg reinforced with amorphous silica particulate. Through
this process, the author observed there is no new phases of Al–Mg–SiO2 metal
matrix composite. Hardness values observed from the nano reinforced composites
are comparatively higher than that of micro reinforced composites. The author also
reported that the distribution of reinforcement particle in the aluminum matrix is
homogeneous at 20 h (Al-Qutub et al., 2008). Zhang et al. (2018) produced Al2024TiN nanocomposite using HEBMS which behaved greater properties with the
Vickers hardness 274HV. They produced advanced Al-Al2O3 HEBM which offered
not only uniform distribution also good flowability.
2.3.4 Vacuum/Gas Sintering
Vacuum and gas pressure sintering are the mostly espoused sintering methods
because of its good controllability and large-scale features (Liu et al., 2015). Hu et al.
(2012) noticed that the when sintering temperature increases to a particular
temperature the alloys will have the minimum porosity, homogeneous microstructure
and best hardness. Zhang and Liu (2013) concluded based on the experimental result
that the microhardness and fracture toughness for dense samples greatly depended on
porosity and grain size.
2.3.5 Microwave Sintering
Microwave sintering is a process of supplying electromagnetic filed energy directly
to the material. By this method express heating is achieved all over the material with
condensed thermal gradient (Ding et al., 2020). Liu et al. (2010) specified that the
microwave energy is a form of electromagnetic energy with the frequency range of
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300 MHz to 300 GHz. Microwave heating is a process in which the materials absorb
the electromagnetic energy volumetrically and transform into heat. Microwave
heating generates heat within the material first and then heats the entire volume.
Microwave sintering appears to be an attractive alternative to plasma arc sintering for
large specimens (Liu et al., 2011). Meng et al. (2018) observed that the ductility of
Al-SiC nanocomposites decreases with increasing volume fraction of SiC.
2.3.6 Liquid State Processing
Liquid state processing of MMC’s is eye-catching to many industries as they are
relatively simple and economical. These processes include either as the infiltration
methods of molten metal in to preforms or fiber pack or by the casting methods such as
mixing of molten metal with reinforcement particles. Infiltration methods such as melt,
pressure, gas pressure, vacuum pressure, vapor, high pressure centrifugal and squeeze
casting infiltration method. Casting methods such as stir gravity, stir squeeze, stir
vacuum and centrifugal casting (Zhao et al., 2012).

2.3.7 Infiltration Method
An infiltration is a permeation of molten metal into a preform by filtration process.
This can be achieved either melt infiltration otherwise called as pressure less
infiltration or by pressure infiltration. In melt infiltration, reinforcements are first
placed in the die and the molten alloy is then penetrated on to it and permitted to
solidify without any external pressure (Mubiayi and Akinlabi, 2015). The pressure
infiltration process is achieved by external pressure through inert gas, pressure,
vacuum pressure, vapor and squeeze infiltration.

25
2.3.8 Melt Infiltration
The melt infiltration method can be used to create a dense component from a porous
molding body. The prerequisite is that the base material consists of a porous body
having a higher melting point than the infiltrating material. Furthermore, the melt
must wet the base material. Then the porous body and the infiltrating material can be
heated up, until the melting point of the infiltrating material is exceeded. The melt is
drawn through the pores of the body by capillary forces and completely fills the pore
volume (Hillig, 1994). They also successfully fabricated Al 6061-Ti3SiC2
composites by adopting pressure less infiltration method at low temperature. The
phase reaction of reinforcements in matrix material performed at 950°C. The
maximum hardness and compressive strength achieved were 751 HV and 932 MPa
respectively. Jeon et al. (2014) studied 304 SS chips which were added to molten
A356 alloy through melt infiltration method performed at 730°C. It was identified
that the sufficient preheating temperature improved the tribological properties of the
composite (Zhang et al., 2011).
2.3.9 Pressure Infiltration
Pressure infiltration casting is a unique form of liquid infiltration which utilizes
pressurized inert gas to force liquid metal into a preform of reinforcement material.
The methods and equipment used for pressure infiltration casting allow for
inexpensive development of composite materials, prototypes, and net-shape
component production (Cook and Werner, 1991). Rashad et al. (2016), investigated
graphene nanoplates reinforced pure Al composites by the pressure infiltration
method. The work instituted that the pressure infiltration method can be used to
produce Al /GNPs composites with good mechanical properties such as an increase
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in yield and tensile strength without the formation of aluminum carbide. Zhao and
Duan, (2020) determined that the pressure infiltration method is suitable to produce
composite parts economically. They compared other production techniques and
stated that the pressure infiltration method offers exceptional quality and the casting
does not depend on matrix wetting the reinforcement. Jeon et al. (2014) revealed that
the pressure infiltration method shown better thermal conductivity due to the
enhanced interface bonding between diamond/Al composites.
2.4 Casting methods
2.4.1 Stir/Gravity Casting
Stir casting is a process of mixing dispersed phase ceramic particles or short fibers or
reinforcements with a molten matrix metal by means of mechanical stirring (Ravi et
al., 2015). Sukumaran et al. (2008) fabricated A6063/TiC composite by using stir
gravity casting method shown in Figure 11. The author has reported that the addition
of reinforcement in to the matrix improved the mechanical properties such as
hardness and tensile strength. They attempted to add fly ash in to A356 alloy by
using melt stirring furnace and reported that the addition of fly ash can make
automobile parts lighter and cheaper.
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Figure 11: Gravity casting (Ramanathan et al., 2019)

2.4.2 Centrifugal Casting
Centrifugal casting is a method of producing cast material by driving the molten
metal in to a fast-rotating mold. Centrifugal casting is a relatively economical
process in which the metal is flung out towards the mold surface by centrifugal force
under substantial pressure. It is mainly classified into horizontal and vertical axis
centrifugal casting. Pawar and Utpat (2014) studied the effect of casting parameters
of the fabricated Al–Mg composites by using centrifugal casting method shown in
Figure 12. The author has resulted good mold filling combined with good
microstructure control and brilliant mechanical properties. Zhang et al. (2012)
studied the transfer behavior in centrifugal casting of SiC/Al composites under
centrifugal force microstructure result shows most SiC particles drifted to the
peripheral region of the castings under the centrifugal action, resulting in nonhomogeneous particle distribution. The piston made using centrifugal casting with
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optimal process parameters shows the best wear resistance behavior (Tzamtzis et al.,
2009).

Figure 12: Centrifugal casting (Ramanathan et al., 2019)
Out of all these discussed methods, stir casting process is simplest, economical and
most commercially used technique. Table 1 shows the list of casting methods along
with the merits and demerits of each method. There are some challenges faced during
the stir casting process, primarily to maintain wettability which means the intimate
bonding between liquid and solid phase. Secondarily, to produce MMC with a
homogeneous distribution of the particles, less porosity and high mechanical
properties. Unwanted chemical reactions at the matrix and reinforcement and poor
wettability of reinforcements with the molten matrix creates non uniform distribution
of particles. Gas entrapment and slag in the melt leads to high porosity and
microdefects. Those challenges can be overcome by means of selecting appropriate
stir casting design for fabricating MMC’s which is discussed thoroughly in the
following section.
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Table 1: Metal matrix composites production process and its properties
Process

Properties

Advantages

Disadvantages

Spark Plasma
Sintering
(SPS)

Al -Al2O3 & Al –SiC
Hardness 324.6 HV

1) Uniform sintering.
2) Compaction and
sintering stages are
combined in one
operation

1) Only simple
symmetrical shapes
may be prepared.
2) Expensive pulsed
DC generator is
required

Armor, Nozzle

High Energy
Ball
Mill
Mixing
and
Sintering
(HEBMS)

Al-Al2O3
Hardness
HV0.05

1)
Homogeneous
mixing and uniform
distribution.
2) Good flowability

1) High quality ball
mills are potentially
expensive

Refractory
structural

Rapid Vacuum
sintering

MgO-doped Al2O3

Expensive process

Hard metal tools,
Micro drills

Microwave
sintering

Al+5% Ti+0.5% SiC
Hardness 65.46 ±
0.58 HR15T
Tensile
183.9 ± 18

Suitable only for
certain
material
which
possess
dielectric properties
not suitable for
silicon
nitride
(Si3N4) and alumina
(Al2O3)

Bio
medical
application

Melt
infiltration

Al alloy/Ti3SiC
Hardness 751

1)
Good
controllability
2)
Large
scale
features
3)
Large
scale
production
4) Minimum porosity
5)
Homogeneous
microstructure
6) Best hardness
1) Reduced energy
consumption
2) Very rapid heating
rates
3)
Decreased
sintering temperature
4) Improved physical
and
mechanical
properties
1) Improved wear
property
2) Cost effective
3)
Ultra
high
temperature
capability

1)
Limited
temperature
and
depth
cause
blockage
in
infiltration

1) Space
2) Defense
3) Commercial
4) Industrial

Pressure
infiltration

Al /GNPs
Tensile 250 MPa

1)
Improved
tribological property
2) Economical for
large
scale
production

1) High tooling cost
2) High porosity
3) Not suitable for
large casting

1) Piston Engines
Wheels
2) Electric motor
housing

93.9

Application

and
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Table 1: Metal matrix composites production process and its properties (Continued)
Process

Properties

Advantages

Disadvantages

Application

Gas pressure
infiltration

Aluminum
alloy
AlSi12/Metallic glass
flakes

1) Production rate
lower than squeeze
casting
2) Cost with use of
high
pressurized
inert gas
3)
Slower
solidification
process

1) Brake calipers
2)
Hydraulic
components

Vacuum
pressure
infiltration

2D-Cf/Al
Tensile 281.2 MPa

Sn-15 wt.% Pb/SiC,
TiC and Al2O3

1)
Slower
solidification
process
2)
Lack
of
wettability
3) Crack formation
1) Requires ultrapowerful
drive
system
2)
Additional
processing
time
requires

1)
Electronic
packaging

High pressure
centrifugal
infiltration

1) Improved thermal
conductivity
2) Capable for high
melt temperature
3)
Possible
to
produce
any
combination
of
matrix
and
reinforcement.
4) For manufacturing
large composite parts
1) Reduced porosity
2) Improved ultimate
tensile strength
3) Near net shaped
composite can be
obtained
1) Higher production
rate, Larger part size
compared to gas
pressure
2) Variety of part
geometry, part size
compared to squeeze
casting

Squeeze
casting
infiltration

Al-SiC/Al2O3
Hardness 492 HV10

1)
Improves
wettability
2) Homogeneity
3) Less shrinkage
porosity
4) Reduced casting
defects

1)
Limited
Flexibility in part
geometry
2) Less productivity
3) High pressure
and tooling cost

1) Engine block
2) Brake disc
3) Piston,
4) Fuel pipe
5) Rack housing
6) Suspension arm

Stir/gravity
casting

A356 / 10% Fly ash
Tensile 45 to 62 MPa

1) Simplest process
2) Suitable for mass
production
3) Suitable for fully
mechanized casting

1) Manifolds,
2) Cylinder heads,
3) Water pump
housings

Centrifugal
casting

Al–B–Mg
80 -90

1) Better mold filling
2)
Dense
grain
structure
3) Virtually free from
porosity
4) Hollow interiors
without cores
5) High mechanical
strength

1) Additional heat
treatment required
to
get
good
mechanical
properties
2) Relatively slow
process
1) Poor casting at
inner surfaces

Hardness

Conrod for control
surface

1)Automotive
piston
2) Sewerage pipes
3) Brake rotors
4) Paper mill rolls
5) Textile mill
rolls
6) Nozzles
7) Liners for IC
engines
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2.5 Stir Casting Furnace Design
Stir Casting is a liquid state method of composite materials fabrication (Hashim et
al., 1999; Kalaiselvan et al., 2011; Ramanathan et al., 2019). Moreover, it is
generally accepted and currently practiced route of producing MMC’s. Stir casting is
a process of mixing dispersed phase ceramic particles or short fibers with a molten
matrix metal by means of mechanical stirring (Sozhamannan et al., 2012). Its
advantages lie in its simplicity, flexibility and applicability to large quantity with
low-cost production (Krishnan et al., 2021). Stir casting is broadly classified based
on the melting furnaces shown in Figure 13: Stir Casting process variants. There are
some important factors to be considered while choosing stir, they are:
1. The difficulty in obtaining a uniform distribution of particles in the cast MMC’s.
2. The difficulty in obtaining the perfect bonding between matrix and reinforcement
materials.
3. The difficulty in minimizing the Percentage of Porosity in the cast MMC’s.
4. The difficulty in avoiding chemical reactions between the reinforcement material
and matrix alloy.
5. The difficulty in avoiding reaction of with melt with atmospheric element.
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Stir casting
process
variants/design

Coal fired stir
vesting

Electrical stir
casting

Resistance stir
casting

Muffle furnace

Induction stir
casting

Bottom pouring
stir casting
furnace

Figure 13: Stir Casting process variants

2.5.1 Bottom Pouring Stir Casting Set Up with Squeeze Casting Attachment
Among the available processing techniques of composite materials, bottom pouring
stir casting is an attractive processing method for producing MMCs. It is relatively
inexpensive and offers a wide selection of materials and processing conditions. The
stir casting technique involves the introduction of pre-treated or preheated ceramic
particles into the vortex of molten alloy created by the rotating impeller (Christy,
Mourad and Tiwari, 2020). Kannan and Ramanujam, (2017) produced hybrid AA
7075-4% SiC and 2-4% nano Al2O3 composite using stir-squeeze casting
arrangement by opening the furnace valve using automatic control as shown in
Figure 14. The maximum squeeze pressure of 101 MPa was applied. The author
reported that the end effect of using stir-squeeze casting hardness proved in
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improvement in the Brinell hardness to 81.1%, ductility to 31.6%, impact strength to
106.3%. Maximum ultimate tensile strength to 92.3% than that of the base alloy.

Figure 14: Bottom pouring stir casting set up with squeeze casting attachment
(Kannan and Ramanujam, 2017)
The quality of aluminum metal matrix composites can be improved by considering
various factors such as production method, raw materials used for the productions,
additives to enhance the properties etc. As the effect, the properties such as hardness,
tensile and compressive strength of the composite are improved.
2.6 Properties of Various Al Matrix Materials
There are several grades of aluminum alloys used as matrix for the production of
MMCs, the most commonly used matrix material used by earlier researchers are
discussed with its properties and applications in Table 2.
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Table 2: Frequently used matrix materials for the production of AMC’s
Matrix
Material
Al Pure/ Al
1100

Al 2024

Al 6061

Al 7075

A413/ LM6

Salient Property
Excellent in
weldability,
workability and
corrosion resistance.
High strength to
weight ratio,
machining to a high
surface finish, high
fatigue strength, high
specific strength,
Excellent for heat
treatment, easy to
work, weld and
machine the product
with reasonable
strength
High fatigue strength,
high correction
resistance, reasonable
machinability, high
strength-to-density
ratio.
Excellent fluidity
property, high
strength, good
workability, and high
resistance to corrosion

Excellent castability,
machinability, wear
A356/ LM25
resistance and
lightweight.

Application

Reference

Metal spinning, decorated foil
pouches for food and drink,
food packaging trays.

(Pitchayyapi
llai et al.,
2017)

Thin sheets, truck wheels,
aircraft structures, screw
machine products, scientific
instruments, veterinary and
orthopedic braces and rivets.

(Kok, 2005)

For all kind of structural
applications especially truck,
marine frames, railroad cars
and pipelines.

(Mishra et
al., 2012)

Rock climbing equipment,
bicycle components, in line
skating-frames and hang glider
airframes.

(Sharma,
2016)

Military and aerospace
application due to its excellent
joining characteristics.

(Parikh et
al., 2019)

Refractory in thermal
protection system, engine
piston, moving parts in
automobiles.

(Bodunrin et
al., 2015)

Virgin aluminum, also it has few negative points over other alloys such as low
strength, and limitation on heat treatments (Bodunrin et al., 2015). Al 2024 when
alloyed with copper, provides poor weldability and relatively low corrosion
resistance (Srivastava et al., 2014). Al 6061 is the alloy of aluminum, silicon and
magnesium and it is most versatile alloy in aluminums series (Kandpal and Singh,
2017). However, it has medium strength when compared to another Al alloy such as
Al 2024 and Al 7075 (Verma and Khvan, 2019). Zinc and Magnesium are used to
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alloy Al 7075 alloy, and exhibit poor weldability, workability, and the machining of
this alloy is possible but with low surface finish (Bodunrin et al., 2015; Parikh et al.,
2019; Sharma, 2016). LM25 and LM6 alloys can be recycled without any
purification process to convert into
useful product. Recycling of LM25 alloy is possible and without any purification
process, it can be reused to prepare the products (Christy, Mourad and Tiwari, 2020).
Thus, matrix can be selected based on the requirement and the application of AMC.
2.7 Properties of Various Reinforcement Materials
The main function of reinforcement particle is to reinforce the matrix face. It is
basically classified into particles, fibers and flakes. The volume fraction of
reinforcement typically in the range of 10–70% in matrix materials. The reinforced
MMCs can produce a range of property enhancement over monolithic alloys. The
materials used and the salient properties used by earlier researchers are discussed in
Table 3.
The organic reinforcements such as fly ash and red mud improves the strength of the
composite reasonably and cost is very low but comparatively it has more porosity
than other reinforcements (Bodunrin et al., 2015; Sharma, 2016). The inorganic
reinforcements such as Aluminum oxide and Silicon carbide are extensively used to
produce MMCs among the wide varieties of reinforcements. This is due to the
interfacial bonding between the matrix and reinforcement is very high and hence
produce high strength MMCs (Arunachalam et al., 2020; Krishnan et al., 2019;
Ramanathan et al., 2019).
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Table 3: Salient properties of various reinforcement for the production of MMCs
Reinforcement

Salient property

Application

Reference

Alumina

High strength to weight ratio
High hardness

Brake
discs,
pistons,
cylinder heads, connecting
rods

(Kök
and
Özdin, 2007)

Fly ash
alloy)

Less cost, High tensile
strength,
Compressive
strength, Impact strength and
Hardness.

(ash

Red mud

Low cost, Tensile strength,
Compression strength and
Hardness increased with the
increase in the weight
fraction.

TiO2

Uniform distribution of TiO2
particles, strong bonding,
High
tensile
strength,
hardness
and
impact
strength.

SiO2

Covers, pans, shrouds,
casings,
pulleys,
manifolds, valve covers,
brake rotors, and engine
blocks in automotive
Aircraft industry, marine
components,
bicycle
industry, camera lenses,
drive shafts, Electrical
parts and equipment’s,
Brakes, fittings.

(Singh
and
Chauhan, 2016)

(Satapathy
al., 2004)

et

Automobile applications,
which
requires
high
brittleness.

(Lawrence,
2015)

Exhibits superior mechanical
and tribological properties

wear resistant applications

(Singh
2020)

ZrO2

High hardness and
resistance

Pistons, cylinder liners and
connecting rods.

(Ma et al., 2018;
Somekawa and
Mukai, 2006)

ZnO

Semi-conductivity,
wear
resistance,
vibration
insulation and microwave
absorption and antibacterial
effects

-

(Zhao
2014)

High strength
resistance

Cutting tools, solar-control
films
and
other
microelectronic
applications.
Excellent
diffusion barrier against
most of metals.

(Lawrence,
2015; Rahman
and Al Rashed,
2014; Guleryuz
and
Krzanowski,
2010)

TiN

and

wear

wear

et

et

al.,

al.,

BN

High strength, low density,
high hardness.

-

(Bodunrin et al.,
2015; Hsiao et
al.,
2013;
Tsunekawa et
al., 2006)

Si3N4

High hardness and tensile
strength

Automotive parts

(Venkateswarlu
et al., 2003)
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Table 3: Salient properties of various reinforcement for the production of MMCs
(continued)
Reinforcement

Salient property

Application

TiC

High wear resistance

Pistons, connecting rods

High hardness, stiffness,
specific
strength
and
thermal properties.
Resistant to acids, alkalis
and molten salts up to
800°C.
High
strength-to-weight
ratio, low density, increase
in yield strength, tensile
strength, ductility and
hardness.

Pistons, brake rotors,
calipers, liners, propeller
shaft, connecting rod,
brake rotors, driveshaft,
engine cradle, brake disc
on ICE bogies

(Lawrence,
2015; Moses et
al., 2016)
(Boopathy and
Manikanda
Prasath, 2017;
Mishra et al.,
2012; Vencl et
al., 2010)

Brake shoes,
liners
and
landing gears

(Bodunrin et al.,
2015; Srivastava
et al., 2014)

High thermal conductivity,
adapted coefficient of
thermal expansion, low
density.

Cylinders,
pistons,
current collectors, base
plates and coolers, heat
sinks, heat spreaders,
discs and rings.

(Jeon
2014)

Automotive applications

(Gibson et al.,
2014;
Kurtenbach
et
al., 2013)

High-tech structural and
functional applications
including
aerospace,
defense, automotive, and
thermal
management
areas, as well as in sports
and recreation.

(Lakshminaraya
nan et al., 2015;
Vetter et al.,
2005)

Aerospace applications

(Kainer, 2006)

Moving parts of engines

(Kumar et al.,
2019)

SiC

CNT

Graphite

B 4C

TiB2

ZrB2

WS2

High strength, low density,
high
hardness,
good
chemical stability and
neutron
absorption
capability.

High strength and wear
resistance

High
exothermic
formation, thermodynamic
stability, better bonding
strength, high hardness and
wear resistance.
Self-lubrication, improved
friction
and
wear
properties.

Reference

cylinder
aircraft

et

al.,
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Boron carbide is a hard particle and it have the ability to improve the strength of the
composite. It is more suitable for wear resistant automobile applications (Ravi et al.,
2015). Graphene and Tungsten disulfide has the self-lubrication property, so it is
reinforcing with Al matrix for the sliding wear applications (Hong et al., 2017;
Nanotech, 2012; Parikh et al., 2019; Qiang et al., 2020). Especially, in automobile
moving parts such as piston, cylinder, blades etc. Diamond has high thermal
conductive property but it is relatively very expensive. CNT is used as reinforcement
to increase the strength of the composite but the problem is segregation. The CNT
particles are agglomerated easily by the factors such as melt temperature, stirring
time and stirring speed etc.. (Goushegir et al., 2015). Earlier researchers produced
MMCs using the discussed reinforcements and the selection of reinforcement are
depend on the applications and the requirement of consumers (Ibrahim et al., 1991).
To further increase the strength of the composite, reinforcement materials are mixed
together and then added with matrix to produce hybrid composites (Srivastava et al.,
2014).
2.8 Mechanical Properties of Al MMC’s
Among the discussed reinforcement materials, Alumina and SiC were used
extensively to improve the mechanical properties of AMCs. High interfacial bonding
strength between the matrix and reinforcement of alumina and SiC tends to increase
the strength of the composite (Boopathy and Prasath, 2017). The properties of
composites produced using alumina and SiC as reinforcement are listed in Table 4
and Table 5.
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Table 4: Composite properties produced with Alumina fillers

Composites
Al2021/
Al2O3
(micro)

Casting
method

Particl
e size

Stir

16,32 and
66 (µm)

Hardness

Ultimate
Strength
(MPa)

Reference

5

135 BHN

112 (T)

(Kok, 2005;
Srivastava et
al., 2014)

5.6

75 BHN

450 (C)

(Dhaneswara
et al., 2017)

Porosity
(%)

A356/ Al2O3
(micro)

Stir

A356/ Al2O3
(nano)

Stir

50 nm

2.4

72 BHN

630 (C)

(Sajjadi et al.,
2012)

Stir

50 nm

2.1

92 HV

240 (C)
Yield

(Alkadir et al.,
2015)

Stir

20 nm

3.4

120 BHN

265 (T)

(Sajjadi et al.,
2012)

Stir

50 µm

8.4

82 HV

224 (T)

Al-4.5wt%
Cu/Al2O3
(nano)
A356/Al2O3
(nano)
A2024/
Al2O3
(micro)
A356/Al2O3
(aano)

20 µm

(aano)

50 nm

-

96 HR

182 (T)

Stir

65 nm

Low
porosity

-

215 (T)

Stir

36 µm

-

38 BHN

-

(Park et al.,
2009)

30 µm

-

70 HRB

220 (C)

(Dhaneswara
et al., 2017)

20 nm

2.7

-

190 (C)
Yield

20 µm

-

110 HV

140 (T)

(Kalemba et
al., 2018)

Stir

10 µm

8

-

220 (T)

(Park et al.,
2009)

Stir

50 nm

4.3

160 HV

400 (T)
760 (C)

(Nelson et al.,
2003)

Al6061/Al2O
3

(micro)
A356/ Al2O3
(nano)
A356/ Al2O3
(nano)
Al 7075/
Al2O3
(micro)
AlA206/
Al2O3
(micro)
Al7075/
Al2O3 (nano)

(Sajjadi et al.,
2011; Vencl et
al., 2010)

Stir

Al2024/Al2O
3

(Kök and
Özdin, 2007)

Stir
+
Squeeze
Stir
Stir

(Kok, 2005)

(Sajjadi, 2012)
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Table 5: Composite properties produced with SiC fillers
Ultimate

Casting

Particl

Porosit

Method

e size

y (%)

A2024/ SiC

Stir

18 µm

11.5

74 HV

192 (T)

Al7075/
SiC

Stir

36 µm

-

50 HB

-

Al7075/
SiC

Stir

20 µm

-

90 HV

160 (T)

A356/ SiC

Stir+
Squeeze

10 µm

4

66 HB

195 (T)

(Rahman and
Al Rashed,
2014)

A356/ SiC

Stir+
Squeeze

40 µm

-

89 HB

245 (T)

(Yang et al.,
2014)

A356/ SiC

Stir+
Squeeze

12.6 µm

-

-

178 (T)

(Shigematsu et
al., 2003)

AlSi7Mg2/
SiC

Stir+
Squeeze

23 µm

10.5

98 HB

165 (T)

(Srivastava et
al., 2014)

Al-Si/ SiC
(nano)

Stir

50 nm

1.6

78 HB

280 (T)

(Rahman and
Rashed, 2014)

A356/ SiC
(micro)

Stir

-

less

95 HV

206 (T)

(Dhanashekar
et al. 2014)

Al6061/SiC
(micro)

Stir+
Squeeze

16 µm

less

84 HB

200 (T)

(Mehta and
Badheka, 2017)

Al
6061/SiC
(micro)

Stir

20 µm

-

98 HV

270 (T)

(Priyadarshi
and Sharma,
2016)

Al7075/
SiC
(micro)

Stir

150 µm

Less

118 HB

269 (T)

(Nelson et al.,
2003)

AA5083/
SiC

Stir

-

less

63.6 HB

-

(Kishta and
Darras, 2016)

AA2618/
SiC

Stir

7 µm
33 µm

-

141 HB
134 HB

430 (T)
380 (T)

(Sharma, 2016)

AA5083/
SiC

Stir

35 μm

2

77 HB

348 (C)

(Idrisi et al.,
2018)

40 μm

Higher
porosity
is
observed

67 HB

205 (T)

(Srivastava et
al., 2014)

Composites

Al/ SiC

Stir

Hardness

Strength

Reference

(MPa)
(Pawar and
Utpat, 2014)
(Kannan and
Ramanujam,
2017)
(Nelson et al.,
2003)
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2.9 Process Parameters to be Considered for Stir and Squeeze Casting Process
2.9.1 Squeeze Pressure
It is the most influencing factor to improve the quality of the MMCs. It improves the
wettability and interfacial bonding between the matrix and reinforcement. The
squeeze pressure increases the cooling rate with the loss of heat through dies (Ozer et
al., 2012). In addition, it reduces the percentage of porosity by minimizing the
nucleation of gas bubbles (Christy et al., 2019).
2.9.2 Die Preheating Temperature
It is the second most influencing process parameters to improve the property of
MMCs. The small spherical non-dendritic primary particles can be derived by
varying the die temperature in order to get the high strength (Dhanashekar and
Kumar, 2014). Cold shut defect issues raise when the temperature of the die is too
low which produce adverse effect on the mechanical properties. Excessive die
temperature leads to reduce the life of the die and affects working conditions
(Bodunrin et al., 2015).
2.9.3 Stirring Speed
The distribution of reinforcement particles in the matrix is controlled by the viscosity
of the aluminum melt, which plays a balancing role to ensure it is not too high to
offer considerable resistance for particle movement during stirring, and it should not
be too low so that it cannot suspend and hold the particles. The interparticle distance
is increased by increasing the speed (Suryanarayanan et al., 2013).
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2.9.4 Stirring Time
A homogeneous distribution of the particles is desirable in order to maximize the
mechanical properties. Higher stirring time gives uniform distribution and good
space between the reinforcement particles (Srivastava et al., 2014).
2.9.5 Melt Temperature
The high melt temperature may be desirable as it improves the wetting ability of the
melt but it reduces the viscosity of the melt. The particle agglomeration takes place
when the melt temperature is low. So, it is required to maintain the melt at optimum
level (Tzamtzis et al., 2009).
2.9.6 Reinforcement Size
Particle size affects the strength of the material in the stir casting process. The
smaller the grain size, the superior the improvement in the properties (Srivastava et
al., 2014).
2.9.7 Stirrer Design
The stainless-steel stirrer blade is used usually and coated with zirconia to avoid the
reaction between stainless steel and Al alloys at higher temperatures. The design of
impeller/blade are important for creating the vortex and to achieve the proper mixing
of melt (Krishnan et al., 2021).
2.10 Recommended Process Parameters
The recommended process parameters for stir with squeeze casting are given in the
Figure 15. Squeeze pressure is the most influencing parameters to among the process
parameters. Most of the earlier researchers reported that 100 MPa squeeze pressure is
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suitable for grain refinement and less porosities. Beyond 100 MPa squeeze pressure
there was no significant effects was observed (Ramanathan et al., 2019). Squeeze
pressure holding time was identified as most influencing factor to improve the
product properties. Therefore, it was recommended to use the holding time between
30 – 45 sec, after this there no influence in heat dissipation rate (Arunachalam et al.,
2020).

Squeeze
Casting

Squeeze
pressure

80-150MPa

100 MPa

Melt
temperature

650-850 deg. C

700 deg. C

Die
temperature

250-350 deg. C

250 deg. C

Stirring time

2-10 min

5 min

Stirring speed

300-600 rpm

600 rpm

Reinforcement
percentage

Al2O3%

5%

Squeeze
pressure
holding time

15-60 sec

45 sec

Figure 15: Recommended conditions for squeeze casing process

For squeeze casting process, the recommended melt temperature is 700°C for
aluminums alloys and composites. As the temperature of the melt was brought down
from 780 to 680°C, the microstructures gradually became finer, and the grains
became smaller (Srivastava et al., 2014). To get proper infiltration of reinforcement,
temperature of melt should be above 600°C (Kumar and Menghani, 2016). It was
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reported that, the tensile strength and elongation of aluminum alloy amplified
promptly as the pre heating temperature of die increased from 200°C to 250°C, but
no significant change was observed with the temperature between 250 and 300°C.
Then the die temperature increased to 350°C, the tensile strength and elongation
decreased suddenly and also there were many rosette particles in microstructure were
observed (Bodunrin et al., 2015). The stirring time duration should be greater than 5
and less than 10 min to get homogenous mixture. Above 10 min of duration the
molten metal leads to the agglomeration of particles, therefore the mechanical
properties of the composites reduced (Parikh et al., 2019). It was reported that the
stirring speed of 600 rpm produce homogenous mixture and less porosities in the
MMCs. So, the mechanical properties of the fabricated composite were improved.
The formation of porosity, oxide skins, and gas formation were observed at higher
stirring speeds (700 rpm), at lower speed (600 rpm) the mixing of reinforcement with
the matrix was not proper, reinforcement segregated at the vortex (Suryanarayanan et
al., 2013).
2.11 Research Possibilities
The AMCs production process comprises number of intricate phenomena. In general,
the process parameters and experimental conditions are not optimized for the
production of AMCs. The deviations in the properties of samples produced using
various casting methods are not similar. For example, some amount of porosity is
common in casting and still it is an unexplored area (Aqida et al., 2012). Hence, it is
very difficult to predict the results of the process precisely, literatures are not
sufficient to finalize process parameters if new reinforcement material is introduced.
Figure 16 depicts the potential research possibilities on the gray areas in the
production of MMCs and its possible outcomes.
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Figure 16: Gray areas in the production of MMC’s

2.12 Summary
A comprehensive review of relevant research work done in the area of production of
Metal Matrix Composites by various method and a review of the relevant literature
on several designs of stir casting furnaces used to produce quality MMC’s presented.
Additionally, comprehensive review of various grades of AMCs and its
reinforcements combination along with various additives which enhances the quality
of MMC’s were presented. The experimental methods used in this work are
explained in detail in the following Chapter. In general, it can be seen that alumina
and silicon carbide fillers showed trends of increased strengths and stir casting
technique resulted good quality AMCs.
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Chapter 3: Experimental Procedures
3.1 Introduction
In this chapter, the experimental procedures have been surveyed to select the
optimum method, casting technique, relevant parameters and equipment’s employed
during the course of the present investigation. The specific details covered pertain to:
•

Collection of casting materials such as Scrap Alumina Alloy Wheel
(SAAW), LM25, Spent Alumina Catalyst (SAC), and alumina.

•

Cutting and cleaning of SAAW.

•

Preparation of metal matrix composites using stir- gravity casting.

•

Preparation of metal matrix composites using stir- squeeze casting.

•

Optimization of process parameter for stir-squeeze casted MMC using
Taguchi technique.

•

Preparation of MMC based on the optimal process parameters.

•

Microstructural and mechanical analysis on the samples (stir-gravity cast,
stir-squeeze cast, optimized).

3.2 Metal Matrix Composites Using Stir- Gravity Casting
3.2.1 Stir-Gravity Casting
Stir Gravity casting is one of the commonly used processes for fabricating pure
metals, metal alloys and metal matrix composites (Hashim et al., 1999; Kalaiselvan
et al., 2011). The SAAW’s were collected from scrap stock and they were cut into
small pieces using TMS 450G cutting machine as shown in Figure 17. The cutting
machine runs with 2.2 kW motor and a blade rotation of 3000 rpm.

47

Figure 17: Scrap Aluminum Alloy Wheel (SAAW)

Cut pieces of SAAW are then cleaned using buffer wheel and acetone solution to
remove dirt, rust, carbon deposit and grease as shown in Figure 18.

Figure 18: Cleaning and Buffing of SAAW
After cleaning with acetone, the cut pieces are loaded into the furnace. The schematic
illustration of stir gravity casting is shown in Figure 19. The bottom pouring
mechanism is shown in allows the pouring of molten metal matrix composites from a
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crucible into a mold under the gravitational force, without applying any external
force or pressure through forging, pressurized gasses, vacuums, or centrifugal force.
Figure 20 shows the experimental setup used for casting the AMC’s.

Figure 19: Schematic illustration of experimental set up used for casting

Figure 20: Setup used to conduct the experiment
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3.2.2 Materials and Methods for Stir-Gravity Casting
LM25 alloy billets and SAAW were selected as the matrix material. Al2O3 and SAC
were selected as reinforcing materials for the development of the composites. The
elemental composition of SAAW and SAC shown in Table 6 was obtained through
XRF and EDS analysis, respectively. The alumina powder procured from Alfa Aesar
was of high chemical purity with average particle size of 50 µm whereas spent
alumina catalyst was obtained from the local petroleum refinery with average particle
size of 150 µm. 10 gm of Magnesium was added to all the four combinations of
castings for improving wettability between the matrix and reinforcement (Verma and
Khvan, 2019).
Table 6: Composition Al-alloy & Reinforcements
Matrix

Al

Si

Fe

Cu

Mn

Mg

Ni

Pb

Zn

Ti

LM25 (wt.%)

Balance

7.0

0.5

0.1

0.3

0.4

0.1

0.1

0.1

0.05

SAAW (wt.%)

90.15

3.81

1.16

0.21

1.62

2.74

-

0.03

0.14

0.09

Reinforcement

Al2O3

SiO2

Fe2O3

CaO

LOI

MgO

Na2O

SO3

K2O

TiO2

Al2O3 (wt.%)

Balance

-

0.7

1.2

-

-

-

-

-

1.7

SAC (wt.%)

Balance

0.32

0.01

0.51

22.18

0.16

3.85

0.08

0.04

-

3.2.3 Preparation of Materials
Stir gravity casting process was utilized to produce the composites and the below
materials were used for producing the MMCs. The scrap aluminum alloy wheels
(SAAW) were collected from scrap workshop and washed using acetone solution to
remove dirt and greases. The alloy wheels were cut into small pieces so that it can
easily pass through the opening of the crucible. 1 kg of scrap aluminum and LM25
alloy were measured using a measuring scale and were used as matrix in this
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experiment (Table 7). Spent Alumina Catalyst (SAC) which were collected from oil
refineries were sieved into 150 µm particles. Pure alumina (Al2O3) with an average
particle size 50 µm were then used as reinforcements with weight percentage 5%
(50g) in this experiment.
Table 7: Designation and composition of composites prepared by stir casting
Composite

Matrix

1
2
3
4

LM25
SAAW
LM25
SAAW

Quantity
(Kg)
1
1
1
1

Reinforcement

Quantity (g)

Al2O3
Al2O3
SAC
SAC

50
50
50
50

The permanent die was preheated up to 300°C. The temperature-controlled stir
casting furnace was switched on and set the crucible temperature of 750°C.
Meanwhile, the stirrer rod and stirrer were cleaned and gently applied with non-stick
boron carbide coating at room temperature and dried at 250 to 300°C to withstand
high temperature and to avoid erosion of stirrer edges. SAC particles were initially
preheated in the reinforcement preheater chamber at a temperature of 300°C to
eliminate dampness and to reduce particle clotting. The LM25 billets were charged
into the furnace when the crucible temperature reached around 350°C and further
heated to a temperature up to 750°C in which the alloy melted completely. A stirrer
rod was then switched on and gently moved into the crucible with its stirring speed
of 650 to 700 rpm and positioned at 30 mm above the bottom of the crucible. The
preheated SAC particles along with magnesium were then charged into the matrix
melt and stirring of the slurry was performed at a speed of 650 to 700 rpm for 10
min. The same processes were repeated for conducting remaining 3 experiments.
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Table 8 shows the parameters used for gravity casting. The produced ingot of the
composite is shown in Figure 21.
Table 8: Process parameters used
S. No.
1
2
3
4
5

Process parameters
Stirring temperature
Stirring speed
Stirring time
Preheat temperature of reinforcement
particles
Preheat temperature of permanent die

Values
750°C
200-300 rpm
10 mins
300°C
300°C

Figure 21: Composite ingots of 50 mm dia and 250 mm length

3.3 Metal Matrix Composites Using Stir- Squeeze Casting
3.3.1 Stir Squeeze Casting
Stir Squeeze casting is the mixture of stir gravity casting and hydraulic powered
forging (Bodunrin et al., 2015; Rahman and Rashed, 2014; Salih et al., 2015;
Srivastava et al., 2014). Same as Stir gravity casting the bottom pouring mechanism
allows the molten metal to poured into the die and instantly forged through a
hydraulic press at a required preset pressure. A long hollow stainless-steel tube with
preheater is connected between the bottom pouring furnace and the mold to allow
streamlined flow and also to avoid quick solidification. The procedure used for
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producing the MMCs is schematically shown in Figure 22 and Figure 23. The bottom
pouring type of stir casting machine used in the experiment is given in Figure 23.

Figure 22: Schematic line drawing of experimental set up used for casting

Figure 23: Experimental setup (SQU, Oman)
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3.3.2 Materials and Methods for Stir Squeeze Casting
LM25 alloy billets and aluminum from Scrap Alloy Wheel (SAAW) were selected as
matrix material. Al2O3 and SAC were selected as reinforcing materials for the
development of the composites. The elemental composition of SAAW and SAC
(Krishnan et al., 2019). The alumina powder procured from Alfa Aesar was of high
chemical purity with average particle size of 50 µm whereas spent alumina catalyst
was obtained from the local petroleum refinery with average particle size of 150 µm.
3.3.3 Preparation of Materials
Squeeze casting process was utilized to produce the composites and the composition
of the materials used for producing the AMCs are shown in Table 9. The SAAW
were collected from scrap stock and cleaned using acetone to remove dirt and grease.
The wheels were cut into small pieces so that it can easily pass through the opening
of the crucible. Initially, the permanent hardened steel die of 50 mm in diameter and
250 mm in length was preheated to 300°C. The temperature-controlled squeeze
casting furnace was switched on and set to 750°C temperature. Meanwhile, the stirrer
rod and stirrer were cleaned and applied with non-stick boron carbide coating at
room temperature and dried at 250 to 300°C to withstand high temperature and to
avoid erosion of stirrer edges. The reinforcement particles were initially preheated in
the preheater chamber at a temperature of 300°C to eliminate dampness and to
reduce particle clotting. The matrix materials were charged into the furnace when the
crucible temperature reached around 350°C and further heated to a temperature up to
750°C in which the alloy melts completely. The stirrer rod was then switched on and
gently moved into the crucible with its stirring speed of 650 rpm and positioned at 30
mm above the bottom of the crucible. 1% of Magnesium was added to the molten
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matrix in order to improve the wettability between the matrix and the reinforcement
(Srivastava et al., 2014). The preheated reinforcement particles were slowly added to
the vortex formed during stirring and lasted for 10 min. The molten mixture was then
transferred through a bottom tapping mechanism into the preheated pathway pipe
connected to the die of the squeeze casting setup. A squeeze pressure of 200 MPa
was applied immediately to the molten mixture poured into the die. The same
procedure was followed for the fabrication of the remaining 3 samples. The produced
samples are shown in Figure 24. The stir squeeze casting process parameters used for
the fabrication of the AMCs is given in Table 10.
Table 9: Composition of the materials used for producing the AMCs
Composite
designation
1

Al-alloy
Matrix
LM 25

2

SAAW

3
4

Quantity
(Kg)
1

Reinforceme
nt
Al2O3

Quantity
(g)
50

1

Al2O3

50

LM 25

1

SAC

50

SAAW

1

SAC

50

Table 10: Process parameters used for the fabrication of the AMCs
S. No.
1
2
3
4
5
6

Process parameters
Stirring temperature
Stirring speed
Stirring time
Preheat temperature of reinforcement particles
Preheat temperature of permanent die
Squeeze pressure

Values
750°C
650 rpm
10 mins
300°C
300°C
200 MPa
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Figure 24: Squeeze Stir cast composite ingots (50 mm dia and 250 mm length)

3.4 Optimization of Process Parameter for Stir-Squeeze Cast MMC Using
Taguchi Technique and GRA
3.4.1 Introduction to Taguchi Technique
Taguchi technique is used to investigate the effect and influencing factors of
different parameters on the mean and variance of the process performance and to
obtain an optimal, finest process (Basavarajappa et al., 2007; Jayaraman et al., 2009;
Rezgui et al., 2010). The conventional Taguchi technique with S/N ratio is primarily
used to optimize a single response process. The conventional Taguchi method can be
combined with other techniques such as Grey Relational Analysis (GRA) to optimize
process parameters which contains multi-response characteristics (Arunachalam et
al., 2020).
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3.4.2 Choice of Process Parameters and Levels
The preliminary experiments were conducted by stir casting and testing them for the
mechanical properties. The selected parameters were squeeze pressure, squeeze
time, die preheating temperature and stirring time. Other parameters such as melt
pouring time, melt temperature etc. shown less significance during the preliminary
experiments. The input parameters such as squeeze pressure, squeeze time, die
preheating temperature and stirring time were varied in three levels and the
parameters were optimized. Four design factors and three levels were chosen for
optimization study and factors are presented in Table 11.
Table 11: Design parameters and their levels.
Experiment
No.

Factors
Squeeze
pressure

Squeeze time

Die preheating
temperature

Stirrer speed

1

75

15

250

450

2

100

30

300

525

3

125

45

350

600

3.4.3 Experimental Plan Based on L9 Orthogonal Array
In the normal factorial design, four parameters and three levels need 81 experiments
to be carried out. But the advantage of Taguchi technique is only nine experimental
trails are required using L9 orthogonal array as shown in Table 12.
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Table 12: Process parameters of squeeze casting of the samples (L1–L9)
Exp.
No

Squeeze
pressure
(MPa/ton)

Squeeze
time (sec)

Die
preheating
temperature
(°C)

Stirrer
Speed
(rpm)

L1

75/18.75

15

250

450

L2

75/18.75

30

300

525

L3

75/18.75

45

350

600

L4

100/25

15

300

600

L5

100/25

30

350

450

L6

100/25

45

250

525

L7

125/31.25

15

350

525

L8

125/31.25

30

250

600

L9

125/31.25

45

300

450

3.4.4 Materials Selection Based on Taguchi Results
Aluminum from scrap alloy wheels were selected as matrix material. Alumina
(Al2O3) particles were selected as reinforcing materials for the development of the
composites. Scrap Aluminum Alloy with its chemical composition obtained from
XRF testing are Si (3.819 wt.%), Fe (1.169 wt.%), Cu (0.213 wt.%), Mn (1.628
wt.%), Mg (2.74 wt.%), Pb (0.037 wt.%), Zn (0.147 wt.%), Ti (0.091 wt.%) and Al
(90.155 wt.%). 1% of Magnesium was added in to all the combinations of castings
for improving wettability between the matrix and reinforcement. Squeeze casting
process was utilized to produce the composites and the composition of the materials
used for producing the AMCs. The procedure used for producing the MMCs is
schematically shown in Figure 25.
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Figure 25: Schematic illustration of experimental set up used for casting L9 samples

The SAAW’s were collected from scrap stock and they were cut into small pieces
using TMS 450G cutting off machine. Cut pieces of SAAW are then cleaned using
buffer wheel and acetone solution to remove dirt, rust, carbon deposit and grease.
The pieces are then loaded into the stir casting furnace. The temperature-controlled
squeeze casting furnace was switched on using control panel key as shown in Figure
26. All the required parameters based on the L9 experiment was set in the control
panel.

Figure 26: Control panel board
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Initially, the permanent hardened steel die of 50 mm x 50 mm and 250 mm in length
was preheated to 300°C. The reinforcement particles were preheated in the preheater
chamber as shown in Figure 27 at a temperature of 300°C to eliminate dampness and
to reduce particle clotting.

Figure 27: Reinforcement preheater chamber

When melt temperature reached 75°C a non-stick graphene coating was applied on
thermocouple, stirrer blade, stirrer rod, inside furnace, inside bottom opening tube,
inside runway tube and die surface as shown in Figure 28.
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Figure 28: Non-stick graphene coating

The reason for applying non-stick coating is to withstand high temperature and to
minimize erosion (Almadhoni and Khan, 2015; Srivastava et al., 2014). When the
melt temperature reached 700°C the matrix materials were charged into the crucible
as shown in Figure 29 (a). As soon as the matrix material reached a molten state, a
layer of slag (impurities) floated on the melt (Ibrahim et al., 1991; Parikh et al.,
2019). Slag was removed using lifter as shown in Figure 29 (b). Once the slag was
removed 1% of magnesium was added to the molten matrix in order to improve the
wettability between the matrix and the reinforcement as shown in Figure 29 (c). The
stirrer rod was then switched on and gently moved into the crucible with required
rpm. the preheated reinforcement particles were slowly added to the vortex formed
during stirring and lasted for 5 min. The molten mixture was then transferred through
a bottom tapping mechanism into the preheated pathway pipe connected to the die of
the squeeze casting setup as shown in Figure 29 (c). A required squeeze pressure was
applied immediately to the molten mixture poured into the die. Finally cleaned the
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furnace and removed the sample from the die for the production of next sample. The
same procedure was followed for the fabrication of the remaining all the L9 samples
as shown in Figure 30 for different factors indicated in the Table 12 and with the
fixed parameters as shown in Table 13.
a)

b)

c)

d)

Figure 29: Parts of the casting setup. (a) Red-hot crucible; (b) slag removal; (c)
wettability agent; (d) squeeze setup.
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Table 13: Fixed Process parameters used for the fabrication of the AMCs
S.No.
1
2
3
4
5

Fixed Process parameters
Furnace temperature
Melt temperature / Stirring temperature
Stirring time
Preheat temperature of reinforcement
particles
Runway heater

Values and Units
850°C
750°C
5 Minutes
300°C
700°C

Figure 30: Stir casted samples from L1 to L9 methods and the control sample (CS)
Dimensions of 50 mm length, 50 mm width and 250 mm length.
3.5 Stir Casting Experimental Detail
In this stir casting work stainless-steel stirrers were machined using CNC milling
machine is used for mixing metal matrix and reinforcement for the production of
MMC’s. The optimal process parameter obtained from the L9 experiment as shown
in Table 14. These parameters were set on the control panel to run the optimized
experiment. 5% of reinforcement were added to the melt and stirred at required speed
for 5 minutes. Then, the melt was allowed to enter the preheated die. The required
ram pressure was applied immediately on the poured melt. Finally, the samples were
removed from the die after solidification and marked for sample identification.
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Table 14: Process parameters for the optimized stir casting experiment
S.No.

Fixed Process parameters

Values and Units

1

Furnace temperature

850°C

2

Melt temperature / Stirring
temperature

750°C

3

Stirring time

5 Minutes

4

Preheat temperature of
reinforcement particles

300°C

5

Runway pre-heater
temperature

300°C

6

Stirrer speed

525 rpm

7

Die temperature

250°C

8

Squeeze pressure

100 MPa (25 tons)

9

Squeeze time

30 sec

3.6 Mechanical Testing
3.6.1 Porosity Measurement Procedure
Density of matrix and reinforcement were determined to assess the percentage of
porosities present in the AMCs. Density measurements were executed based on
Archimedes principle using a sample size of 10 mm width and 30 mm long and a
thickness of 3 mm for different combination of AMCs. Setup to measure the
experimental density is shown in Figure 31.
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Figure 31: Density measurements setup

The theoretical densities of composites were calculated using a rule of mixtures
(Gupta et al., 2006). The porosity in the samples was determined using the formula
given in Equation 1 (Christy, Mourad and Arunachalam, 2020).
P = 1- (ρ experimental/ ρ theoretical) x100

(1)

The specific strength (also called as strength to weight ratio of the AMC’s) was
calculated by force per unit area at failure divided by its experimental density.
3.6.2 Hardness Measurement
Hardness of the material can be defined as the ability of any material to resist the
indentation by penetration (Ravi et al., 2015). A UH-250 Wilsons Hardness Tester
(Indentec Hardness Testing Machine Limited, West Midlands, UK) in the E6 lab of
UAEU was used to measure sample hardness. The Rockwell B scale was chosen
with an indentation load of 100 kgf for a dwell time of 10 seconds using a 1/16" ball
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indenter. To minimize sampling error, the average value of the five readings were
taken, and the average value was reported.
3.6.3 Tensile Testing
A Universal Testing Machine (UTM), using a load cell of 5 kN, was used to conduct
tensile tests as shown in Figure 32. Wire electric discharge machining (WEDM) was
used to cut four tensile specimens from each sample with ASTM E8 sub-size
specimen dimensions (width of 6.3 mm and a gage length of 25.4 mm). The yield
strength and Ultimate Tensile Strength (UTS) of samples were calculated. Four
samples were cut from each bar with length 101.6 mm, width 9.5 mm and thickness
6 mm as shown in Figure 33. The samples are loaded between the grips of upper and
the lower jaws of the UTM. The experiment was stopped as the samples fail and the
curves were recorded for analysis.

Figure 32: Universal testing machine
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Figure 33: Tensile specimen (ASTM E8 sub-size specimen)

3.6.4 Compression Testing
ASTM E9 short specimen dimensions were followed to make four compression
samples for each experiment using the WEDM and was loaded under the 100 kN
UTM. The compression test continued until the specimens reached half of their
height. A compressive load is applied by the hydraulic press of the universal testing
machine at a speed of 1 mm/ min. The specimens were ground and polished on all
the surfaces before the test conducted. The material behavior on the compression
loading were investigated by the stress-strain curve.

67

a)

b)

Figure 34: Compression test samples. a) Compressive test specimen loaded in UTM;
b) ASTM E9 short specimen.
3.6.5 Wear Analysis
Abrasive wear analysis was carried out on the samples with four different abrasive
sheets using a TR-605 two-body abrasive wear tester (Ducom Instruments,
Bangalore, India). The sheets, ES20 (coarsest), ES60, D-150, and SiC E4 600 TP4
(finest), were fixed using adhesive on a wheel, and the samples rotated on it. To
ensure a fresh abrasive surface on the samples, the rubbing segment of the wheel was
constantly replaced by lifting the wheel off the surface and turning it through a fixed
1.8° angle at the end of each stroke. In total, 40 strokes were set using a digital
controller, which signals the servo motor. A precision balance PCE-BT 200
analytical scale (PCE Deutschland GmbH, Meschede, Germany) in E6 lab 2015,
UAEU was used to reweigh the specimens to determine weight loss, which is a direct
indication of the wear rate. The PCE-BT 200 balance measures with an accuracy of
0.01 grams.
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3.6.6 Weldability (Friction Stir Welding)
Friction Stir Welding (FSW) was first developed in 1991 by the Welding Institute to
bond aluminum alloys (Karthikeyan and Mahadevan, 2015) as shown in Figure 35.
FSW uses a rotatory tooltip that moves in a traverse direction along the bonding path
of two solids as shown in Figure 36. A s the tooltip rotates and moves on the metallic
surface, heat is generated by friction due to the release of visco-plastic strains
(Huang et al., 2001). FSW operates below the melting point of the base material due
to the action of the stir tool plunging into the workpiece. This leads to a hot-shear
joint along the weld line. The frictional heat forms a plasticized zone and refines
grains that enhance the mechanical strength.

Figure 35: Schematic of FSW process (Eslami et al., 2015)
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Fixture

Figure 36: FSW setup

3.7 Summary
The details of various equipment, materials used in this work and the experimental
procedures involved were explained in this chapter. The casting design and the
preparation of raw materials have been covered. The Taguchis- full factorial design
of experiments reduced the planned 81 experiments to 9. The casting design and
details are also covered. The results and analysis are discussed in the following
chapters.
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Chapter 4: Results and Discussion: Microstructural Characterization
4.1 Introduction
The prepared MMC samples were characterized using, Field Emission Scanning
Electron Microscope (FESEM) to understand the grain boundaries and phases.
Energy-dispersive X-Ray spectroscopy (EDS) was implemented to analyze the
chemical composition of the developed composite. Elemental mapping by ED-X-Ray
Fluorescence (XRF) was done to study the reinforcement distribution. X-Ray
Diffraction Analysis (XRD) was carried out on the samples to identify the phases
available in the developed composites.
4.2 Characterization of MMC -Stir- Gravity Casting
The prepared specimens for conducting microstructural investigations are shown in
Figure 37. These specimens are obtained from the casting where there is no external
pressure or squeeze pressure. The raw specimens (after etching and buffing) were
prepared for conducting microscopic tests followed by SEM. The optical microscopy
images before and after the etching is given in Appendix A (Figures 1 and 2).
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Figure 37: Specimen for microstructural analysis

4.2.1 Microstructural Evaluation of a Stir Gravity Cast Samples
Optical microscope images of four different combinations (LM25 + Al2O3, SAAW+
Al2O3, LM25+ SAC and SAAW+SAC) of Aluminum MMC with 300X
magnification are shown in Figure 38. In the pictures, grey particles are the
reinforcements, white regions are Al matrix and black are a porous defect. A sample
containing 5 wt% reinforcement particles is shown in Figure 38 from which it is
apparent that the composite shows evidence of visible porosity. The SEM images
from Figure 38 (a, c, and d) clearly show a high percentage of porosity. This casting
defect is common while using a stir-gravity casting of Al (Christy et al., 2019;
Dhanashekar and Kumar, 2014; Sharma, 2016). Whereas SAAW+ Al2O3 sample in
Figure 38 (b) shows comparatively lesser particle clustering and porosity. This may
be due to presence of dendritic arms formed by SAAW matrix that binds the alumina

72
particles (Krishnan et al., 2019). The evidence of voids in this matrix is due to the
lack of squeeze (Ramanathan et al., 2020; Christy, Mourad and Tiwari, 2020,
Dhanashekar and Kumar, 2014; Mourad et al., 2019; Iyer, 2011; Yong and Clegg,
2005). From the microstructural analysis of the four composites prepared by stirgravity casting, it is evident that the matrix- reinforcement mixing is not homogenous
and there is a high amount of casting defects such as voids and cluttering. Therefore,
it was decided to move to a better casting technique like stir-squeeze casting.

a)

b)

c)

d)

Figure 38: Optical micrographs of AMCs with 5 wt% reinforcements at 300X
magnification. (a) LM25 + Al2O3; b) Scrap Al alloy + Al2O3; c) LM25+ SAC; d)
Scrap Al alloy + SAC
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4.2.2 Morphological Analysis of Stir Gravity Cast Composite Using Scanning
Electron Microscope
Figure 39 shows the microstructure of the four test samples (LM25 + Al2O3,
SAAW+ Al2O3, LM25+ SAC and SAAW+SAC) at 500x magnifications. From
Figure 39, grey particles are the reinforcements, white regions are aluminum matrix
and black regions are porous defects. The lighter particles are reinforcements and the
darker ones are aluminum.

Figure 39: SEM images of AMCs 500X magnification. Sample 1) LM25 + Al2O3;
sample 2) Scrap Al alloy + Al2O3; sample 3) LM25+ SAC; sample 4) Scrap Al alloy
+ SAC.
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The SEM photographs of the aluminum matrix with 5 wt% reinforcement particles
(shown in Appendix A: Figure 3) reveal that the reinforcements of the matrix are
settled in the center of the image and aluminum molecules at the outer region. This
observation is consistent to what was reported by Bodunrin et al. (2015). Sample 1
(LM25 + Al2O3) shows dense a nonuniform distribution, porosities and cluster
formation of particles (Singh and Chauhan, 2016).
The low density of reinforcement particles as well as improper stirring causes the
particles to float in the aluminum melt resulting in non- uniform distribution and
cluster formation (Anand et al., 2016).Whereas sample 2 (SAAW + Al2O3), shows
evidence of porosities and cluster formation of particles at some regions (Singh and
Chauhan, 2016). These defects is due to improper stirring and lack of effective
squeeze pressure and time (Anand et al., 2016).
4.2.3 Field Emission Scanning Electron Microscope with attached EDS
The microstructures and elemental composition of the samples SAAW+SAC was
studied using a FESEM (JEOL JSM-7600F) with attached EDS. Figure 40 shows the
FESEM images of the sample at 300x magnifications. EDS analyses are carried out
randomly at two different spots of the micro photograph. This generates two
spectrums. The first one is analyzed to ensure the composition of SAC particles and
another spectrum represents to ensure the composition of scrap aluminum (Christy et
al., 2019; Christy et al., 2017; Dhanashekar and Kumar, 2014; Idrisi et al., 2018;
Krishnan et al., 2019; Lancaster et al., 2013; Thekkuden et al., 2018; Tiwari and
Christy, 2016). The higher presence of Al-Si in the composites gave a binding force
to the matrix but, the lack of intermetallic phases have considerably decreased the
structural integrity (Krishnan et al., 2019; Maleki et al., 2006; Sukumaran et al.,
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2008). Therefore, SAAW + SAC composite was not preferred for further
optimization.

Figure 40: FESEM photographs and EAS analysis of SAAW with 5 wt% SAC

4.2.4 XRD- X-Ray Diffraction Analysis
Figure 41 shows the setup of a Bruker D8 Advance X-Ray Powder Diffractometer.
XRD analysis was carried out for phase identification of a crystalline material and to
identify unit cell information. A plot of 2-theta verses intensity was analyzed using
Origin software.
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Figure 41: Bruker D8 Advance X-ray Powder Diffractometer

Figure 42 shows the XRD analyses of the four samples (LM25+Al2O3,
SAAW+Al2O3, LM25+SAC and SAAW+SAC) to confirm the presence of Al2O3 and
to identify other phases formed. Nine peaks have been obtained in the 2-span ranging
from 20 to 100 and the peaks at 2Ө of 38.44°, 44.7°, 65.32°, and 77.2° belong to
Pure Al and the peaks at 2Ө of 42.23°, 51.46°, 57.56° and 75.42° belong to Al2O3
and other remaining minor peaks attributed to impurity. The results of XRD reveal
that the main elements present are Al (largest peak), C (second largest peak) and Si
(lower peak). The Al is present in the form of the given phase, Al (1 1 1), Al (2 0 0),
Al (2 2 0), Al (3 1 1), Al (2 2 2) and C in the form C (0 0 5), C (1 0 1) and C (1 1 0)
whereas Si is present in the form of Si (0 0 1). These peaks are identified by using
JCPDS (Joint Committee on Powder Diffraction Standards) software (Dokme et al.,
2018). Figure 42 shows that, the peaks for (LM25+Al2O3, LM25+SAC and
SAAW+SAC are not high enough to prove the materials are in polycrystalline in
nature, which shows that the particles are arranged in irregular or loose cubic order.
Whereas, the peak for SAAW+Al2O3 is higher than the rest of the samples indicating
a cubic ordered structure (Ozer et al., 2012). The peaks in general for all the
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composites suggests a porous and loosely bonded composites. This can be overcome
with effective squeeze pressure (Maleki et al., 2006).

Figure 42: XRD pattern of composites

4.3 Microstructural Evaluation of a Stir Squeeze Cast Samples
The microstructural investigations were conducted on the specimens shown in Figure
43. These specimens are obtained from the stir casting followed by squeezing
pressure applied on it. The raw specimen is prepared based on the procedures
explained in Section 4.1 were used for conducting microscopic tests followed by
SEM, and finally, hardness test was conducted using the same specimen explained in
the later section.
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Figure 43: Specimens for microstructural analysis

4.3.1 Microstructure Analysis
Optical microscope images of four different combinations of aluminum MMCs
(LM25+Al2O3, SAAW+Al2O3, LM25+SAC and SAAW+SAC) with 200X
magnification are shown in Figure 44. From, Figure 44 grey particles are the
reinforcements, white regions are aluminum matrix and black regions are porous
defects. All microstructures exhibit almost a non-dendrite shape at the grain
boundaries which is because of the squeeze pressure resulting in finer dendrites and
decreased dendrite arm spacing. From Figure 44 (a) and (b) the microstructure
reveals that the composites have reinforcement with nearly uniform dispersion and
dense structure without micro level cavities with the addition of pure Al2O3 particles.
Although there was little cluster formation of particles at some regions as observed in
the sample shown in Figure 44 (a), uniform distribution of Al2O3 particles is
observed in Figure 44 (b). SAAW+SAC and LM25+SAC shown in Figure 44 (c) and
(d) clearly depict that the addition of SAC to the aluminum matrix produces porosity
on the samples. It is also evident that Al2O3 is more effective on uniform distribution
than the SAC. Similar results have been observed in earlier publication (Kok, 2005)
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where some amount of porosity is usual in AMCs. This is attributed to the longer
particle feeding time which increases the time of contact with air. SAAW+ Al2O3
was found to have lesser porosity and also the matrix reinforcement distribution ins
uniform as shown in Figure 44 (b). Therefore, SAAW with alumina reinforcements
will be used for further optimization.

Figure 44: Optical micrographs of AMCs with 5 wt% reinforcements at 200X
magnification. (a) LM25 + Al2O3 b) Scrap Al alloy + Al2O3 c) LM25+ SAC d) Scrap
Al alloy + SAC.
4.3.2 Morphological Analysis Using Field Emission Scanning Electron
Microscope
Figure 45 shows the FESEM images of the four test samples (LM25+Al2O3,
SAAW+Al2O3, LM25+SAC and SAAW+SAC) at 300x magnifications. The
distribution of reinforcement in the matrix of the composite is visible in the
micrograph. The light and dark particles seen in Figure 45, are the reinforcement and
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matrix respectively. The SEM micrographs with 5 wt.% Al2O3 reinforcement
particles were well dispersed in the matrix, although some small clusters remain in
the microstructure of LM25+Al2O3 (Figure 45a). Uniform particle distribution was
achieved in the sample SAAW+Al2O3 composite as shown in Figure 45 (b). The
Al2O3 particles distribution was along grain boundaries of the aluminum matrix.

Figure 45: SEM photographs of AMCs with 5 wt% reinforcements at 300X
magnification. a) LM25 + Al2O3 b) Scrap Al alloy + Al2O3 c) LM25+ SAC d) Scrap
Al alloy + SAC.
The intergranular distribution on the grain boundaries provides better mechanical
properties and prevents failure along grain boundaries (Kannan and Ramanujam,
2017; Ravi et al., 2015). Figure 45 (c) and (d) for LM25+SAC and SAAW+SAC
composites show uniform distribution of reinforcements throughout the sample but
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with porosities. From the conducted FESEM analysis, SSAW with alumina fillers
can be further investigated for optimization and improvement.
4.3.3 XRD- X-Ray Diffraction Analysis
XRD analysis was carried out for phase and material identification and to measure
peak intensity. Figure 46 shows the XRD analyses of the four samples
(LM25+Al2O3, SAAW+Al2O3, LM25+SAC and SAAW+SAC) to confirm the
presence of Al2O3 and to identify other phases formed. The peak at 2Ө of 38.85° is
found to be Al and the peak at 2Ө of 42.26° belongs to Al2O3. The results of XRD
also reveal that the main elements present are Al (highest intensity), Al2O3 (second
highest intensity) while Si, SiO2 and Fe are the low intensity peaks. The Al is present
in the form of phase, i.e., Al (1 1 1), Al (2 2 0), Al2O3 (2 0 2), Si, SiO2 and Fe are in
the form of Si (1 1 1), Si (2 2 0), SiO2 (3 1 1), and Fe (2 1 1). These peaks are
identified by using Xpert high score software and peaks are matched with ICDD
database. The peak height is high enough to prove the materials are in polycrystalline
in nature, which shows that the particles are arranged in cubic order. The structure of
atoms is arranged in hexagonal closed packed system and hence packed in a highly
efficient way. This may be attributed to the pressure applied during the squeeze
casting process (Fang et al., 2015). No significant phases were observed in the
samples where SAC was used as the reinforcement since there is no interaction
between SAC with Al alloy. This indicates that SAC could also be a potential
reinforcement material although porosities are higher than when using Al2O3. This
may be overcome by increasing squeeze pressure and percentage of magnesium
added as a wetting agent (Pai et al., 1995). Even if SAC cannot be used as a

82
reinforcement material the cost of using Al2O3 in AMCs would not add significant
cost difference since only 5 wt.% is used as reinforcement.

Figure 46: XRD pattern of composites

4.4 Characterization of L9 Samples Produced Using Taguchi Technique
Four different process parameters with three levels for each parameter were selected
for the current experiment. Parameters and their levels were set based on the
literature and an initial trial. With four parameters, each having three levels, the full
factorial design resulted in 81 experiments. Therefore, to minimize the number of
experiments, the Taguchi method was implemented using a special design of
orthogonal arrays (L9 orthogonal array) to provide reduced variance for the
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experiment and a minimum number of experiments. Based on the Taguchi method, 9
samples were prepared as shown in Figure 47.

Figure 47: Specimens for microstructural analysis

4.4.1 Optical Micrograph of L9 Samples
Square samples were cut to 12.5 mm from all 9 samples, with an abrasive cutting
machine, and an automatic mounting machine was used to mount the samples with
Bakelite and acrylic powder. Mounted samples were wet ground in an AutoMet 250
machine (Buehler Engineering, Inc., Sacramento, California, USA) using 400, 600,
and 1200 grit CarbiMet Silicon Carbide (SiC) abrasive paper (Buehler). Water was
used as a lubricant. The polishing process was carried out using UltraPad (coarse),
VerduTex (intermediate), and VelTex (fine) grades of polishing cloths (Buehler).
During the polishing process, a MetaDi supreme polycrystalline suspension of nine
µm, three µm, and one µm sizes was sprayed in equal intervals on the abovementioned three polishing cloths, respectively, in order to achieve a high-quality
surface (Buehler). As per the American Society for Testing of Materials (ASTM) E3
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standard, the fine polished samples were etched using Keller's reagent (2.5% HNO3 70% w/w), 1.5% HCl (50% v/v), 1% HF (40%), and 95% H2O [demineralized (DM)
water] for two minutes followed by rinsing with DM water, and they were dried
immediately using a hairdryer. Microstructure analysis was done using an optical
microscope on these nine prepared samples and the control sample. The detailed
microstructure images are given in Appendix A, Figure 4. The microstructural
images of Scrap Aluminum alloy with alumina fillers at 500X magnification are
shown in Figure 48. The optical microstructural images contain three distinct phases:
pore, matrix, and particles. The grey particles in the images were formed from the
agglomeration of alumina reinforcements and the silicon eutectic phase (Krishnan et
al., 2019). Al2O3 agglomerates were spotted in the matrix, trapping air and leading to
porosity (Christy, Mourad and Tiwari, 2020).

There are few visible porosities

noticed in the L1, L5, L6 and L7 which may have negative effect on the strength of
the composites. It is evident from the microstructure of the samples such as L2, L3,
L4, L8 and L9 alumina particulates were distributed evenly in the aluminum matrix.
The micrographs reveal reduced porosity and agglomeration and segregation of
Al2O3 particles. Due to squeeze pressure, the dendrites are finer when compared to
the stir gravity casting (Krishnan et al., 2019) where, the dendritic region was
separated from each other by an inter-dendritic region. In other words, inter-dendritic
regions decrease with increasing squeeze pressure. Samples L5 and L6 shows larger
dendritic arms with very less inter- dendritic region. Longer dendrites are known to
increase the matrix- reinforcement bonding and this may be the reason the L5 and L6
methods shown better mechanical properties (described in Chapter 5) than other
samples.
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Figure 48: Optical micrographs of Scrap Al alloy + Al2O3 composites with 5 wt
% reinforcements at 500X magnification
4.4.2 Confirmation Test
To validate the accuracy of the obtained optimized parameters, the confirmatory
analysis was used. As discussed in Viswanathan et al. (2018), in this approach, the
GRG value is predicted, and then a confirmatory experiment is carried out based on
the optimized process parameters. Results of the confirmation experiment based on
Taguchi optimization revealed that L6 method is the best out of all the L9 methods.
Figure 49 XRD analysis was conducted on the L6 sample. From, Figure 49 it can be
noted that the Al2O3 phase is predominant in the reaction process. The XRD results
show homogeneous mixing of reinforcements with respect to Al-5% Al2O3
composites compared to other volume fractions. The atoms are arranged closely in a
well-organized hexagonal structure (i.e., a closed packed system), which may be
attributed to the pressure applied during the squeeze casting process (Fang et al.,
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2015). The peaks are identified as a single-phase; hence, no new phase is formed
because of the reaction of reinforcement with the matrix material.

Figure 49: XRD Analysis

4.5 Characterization of the Optimized Sample (M2)
Optimized sample (M2) was prepared after the confirmatory analysis. The sample
was stir-squeeze cast with 100 MPa squeeze pressure, 45-second squeeze time,
250°C die temperature, and a stirrer speed of 525 rpm. The section of the M2 sample
was cut and prepared for SEM analysis.
4.5.1 Field Emission Scanning Electron Microscopy
The FESEM image at a magnification of x500 for the optimized (M2) sample is
shown in. Reinforcement distribution can be clearly seen in the Figure 50. The dark
grey region corresponds to the matrix, whereas the light grey area is related to
alumina (reinforcement) distribution. A magnified (x1000) inset image (Figure 50)
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shows the matrix microstructure with primary α phase aluminum dendrites and
eutectic silicon (Krishnan et al., 2019). Alumina particles were found to be separated
by the inter-dendritic region. The condensed matrix was obtained by optimizing
squeeze pressure and time along with the die temperature. Reduced porosity can be
observed, making the matrix more stable under mechanical tests than samples from
the nine experiments. From Figure 50, the distribution of alumina in the SAAW
matrix can also be noted. The distribution pattern seems to be homogenous. High
squeeze time (45 seconds), the lowest die temperature (250°C), and a stirrer speed of
525 rpm aided the alumina reinforcements in becoming well dispersed in the matrix.
The reinforcement agglomeration in the matrix was much lower compared to
samples L1–L9. Si eutectic and Al2O3 clusters were needle-like in shape, reducing
the stress concentration during mechanical analysis (described in Chapter 5).

Micro pore
Dendritic arms
Al2O3
Al2O3 cluster
SAAW

Porosity
Si eutectic and Al2O3
Inter- dendritic
i

Figure 50: Field emission scanning electron microscopy analysis of M2 sample
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4.5.2 Energy-Dispersive X-Ray spectroscopy
To conduct the EDS analysis, three spectrums were passed on the specimen M2.
Spectrum 1 and 3 were focused on the white region and spectrum 2 on the black
region. EDS image shown in the figure reveals aluminum, silicon, magnesium, and
carbon elements in the composites. The presence of magnesium shown in the EDS
layered image improves the wettability between matrix and reinforcement. The EDS
analysis of the composite sample (M2), where the peak of aluminum reached an
amplitude of 160 cps/eV. The higher peak of alumina can also be observed from the
spectrum taken from the alumina cluster.

Figure 51: Layered energy-dispersive X-ray spectroscopy elemental analysis of the
optimized condition.
The elemental mapping analysis of the optimized condition sample can be seen in
Figure 51,where Al Kα, Si Kα, Mg Kα, C Kα, and O Kα phases are present. The
elemental mapping clearly shows the presence of eutectic-Si in the grain boundaries
that act as impediments restricting the movement of dislocation resulting in better

89
mechanical properties (Krishnan et al., 2019).Therefore FESEM conducted on M2
sample assured that the composite sample has been fully optimized.
4.5.3 XRD- X-Ray Diffraction Analysis
For the optimized sample (M2), XRD analysis was performed to identify the
formation of any new phases during the production process and measure peak
intensity. Figure 52 shows the XRD analyses of the prepared composite. The
obtained diffractograms show that the highest intensity peaks were for the aluminum
matrix (38.66°). The diffractogram also confirms the presence of added alumina
(28.52°) in the composite. The obtained X-ray diffractogram closely matched the
Inorganic Crystal Structure Database (ICSD) collection code 27140 in which the
structure of the material is identified as Al9FeMg3Si5. The peak height was high
enough to prove the materials are polycrystalline. The peaks are identified as a
single-phase; hence, no new phase is formed because of the reaction of reinforcement
with the matrix material. XRD also suggests that M2 sample contain atoms arranged
closely in a well-organized hexagonal structure (i.e., a closed packed system), which
may be attributed to the pressure applied during the squeeze casting process (Fang et
al., 2015).
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Figure 52: X-ray diffraction of optimized condition composite

4.6 Summary
In this chapter, the microstructure for various samples produced by stir-gravity and
stir- squeeze was studied using FESEM, EDS, and XRD. The results showed clearly
that the uniform particle distribution was achieved in the sample SAAW + Al2O3.
Also, the optimized sample (M2) exhibited very less porosity and with homogenous
distribution of reinforcements. In the following chapter, the influence of mechanical
properties on the prepared composite samples are presented and discussed.
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Chapter 5: Results and Discussion: Mechanical Characterization
5.1 Introduction
In this chapter, the mechanical properties (such as tensile strength and compression
strength, hardness, and wear resistance) and physical properties (such as porosity) of
the prepared metal matrix composites were carried out. An optimization study was
conducted to obtain optimal process parameters using the Taguchi and GRA. The
effect of these parameters is studied through the stir squeeze casting process.
5.2 Physical and Mechanical Properties of MMC’s using Stir Squeeze Casting
5.2.1 Porosity and Specific Strength
Porosity affects the properties of materials. The effects are dependent on the pore
size distribution etc. Generally, if the porosity is low, fewer empty spaces are found
in the composite material and thus, the strength will be greater (McDanels, 1985).
The calculated porosity% correlates well with the obtained optical micrograph. The
calculated porosity% correlates well with the obtained optical micrograph. The
SAAW+Al2O3 composite sample shows very less porosity while samples that have
SAC as reinforcement exhibit high porosity as can be seen in Figure 53. In squeeze
casting process, the higher pressures used during solidification aids in good filling of
the die, reducing casting defects especially porosity. This is obvious from the
experimental density obtained and illustrated in Figure 53(a). The squeeze casting
process is quite successful in achieving experimental density close to the theoretical
density as can be observed from the Figure (Kannan and Ramanujam, 2017). The
higher porosity in the case of SAC may be attributed to the nature of its application.
SAC is mainly used to reduce emissions of Volatile Organic Compounds (VOCs) to
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the atmosphere. These VOCs present in the SAC contributes to the higher porosity.
From Figure 53 (b), it is also evident that the strength to weight ratio of the
LM25+Al2O3 AMC is highest followed by SAAW+Al2O3 AMC. The higher specific
strength of LM25+Al2O3 AMC can be attributed to the higher tensile strength, which
in turn is because of the higher Si content (7 vol.%) in LM25 alloy. Higher Si content
has been proven beneficial in improving the strength as well as wear resistance that
could be due to the small size of the Si particles (Clarke and Sarkar, 1979).

Figure 53: Percentage of porosity and specific strength of AMC’s

In the squeeze casting process, the higher pressures used during solidification aids in
the good filling of the die reducing casting defects especially porosity. This is
obvious from the experimental density obtained and illustrated in Figure 53. The
squeeze casting process successfully achieves experimental density close to the
theoretical density as can be observed from Figure 53. The higher porosity in the
case of SAC may be attributed to the nature of its application (Ozer et al., 2012).
SAC is mainly used to reduce Volatile Organic Compounds (VOCs) to the
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atmosphere (Almadhoni and Khan, 2015). These VOCs present in the SAC
contribute to the higher porosity. From Figure, it is also evident that the strength to
weight ratio of the LM25+Al2O3. The higher specific strength of LM25+Al2O3 AMC
is the highest followed by SAAW+Al2O3. AMC can be attributed to the higher
tensile strength, which in turn is because of the higher Si content (7%) in LM25
alloy. Higher Si content has been proven beneficial in improving the strength and
wear resistance that could be due to the small size of the Si particles (Sajjadi et al.,
2012).
5.2.2 Hardness
The indentation technique was used for the measurement of the hardness using a
Universal Hardness tester UH-250. Standard deviation value was reported from five
repeated measurements at random locations. The complete list of hardness values is
given in Appendix B, Table 1. A force of 50 N for Vickers hardness (HV) was
applied on the substrate gradually without impact and the dwell time was 10 seconds.
Figure 54 shows the hardness values of all the produced composites. To reduce the
sampling errors, average of 5 readings were taken as HV for each AMC. Standard
deviation of readings were noted and marked as error bar in the Figure 54.
From the obtained results it can be concluded that the composite (SAAW+Al2O3) is
the hardest one followed by LM25+Al2O3 composite. The SAAW+SAC is found to
be the least hard material followed by LM25+SAC composite. Maximum hardness of
69 HV is achieved for the SAAW+Al2O3 composite because of the less porosity and
uniform distribution of reinforcements in the matrix especially at the grain
boundaries. Porosity test also confirmed less porosity in the SAAW+Al2O3 sample.
The grain size in the composite is also relatively smaller as evident in the optical
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microscope images. With the decrease in the grain size, the hardness of the material
increases (Liu et al., 2017).

Figure 54: Vickers Hardness

5.2.3 Tensile Testing
Tensile tests were performed on the tensile samples prepared according to the ASTM
E-8 standard as shown in Figure 55. Three samples were prepared from each
produced AMC rod (LM25+Al2O3, SAAW+Al2O3, LM25+SAC and SAAW+SAC)
using wire-cutting machine. All tensile samples have been fractured within the gage
length. The tensile stress-strain curves of the four different types of AMCs are shown
in Figure 56. The tensile properties such as yield strength (σy), ultimate tensile
strength (σuts), elongation to fracture (εf) and fracture stress (σf) are extracted from
these stress-strain curves and are shown in Table 15.
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Figure 55: Tensile test specimen dimension as per ASTM E-8 standard

Table 15: Tensile properties of the four composites
Composite

σy (MPa)

σuts (MPa)

εf (%)

σf

LM25+Al2O3

53

174

4.6

171.1

SAAW+ Al2O3

50

129

2.7

125.2

LM25+SAC

51

93

1.17

91.4

SAAW+SAC

37

95

0.25

94.5

The σy of LM25+Al2O3 has been found to be 53 MPa. The σuts of LM25+Al2O3 is
⁓174 MPa with εf of 4.6% and the σF is 171 MPa. LM25+Al2O3 recorded the
predominant tensile properties compared to other combination of samples. In the
case of SAAW+Al2O3, the values for σy, σuts, εf, σf are 50 MPa, 129 MPa, 2.7% and
125 MPa, respectively, with maximum load applied at 125 MPa. The sample made
with SAC as reinforcement shows very low tensile strength, which is because of the
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higher porosity as clearly depicted in the micrograph images Figure 44 (Chapter 4) as
well as the calculated percentage of porosity Figure 53. The σuts of the samples
LM25+SAC and SAAW+SAC is measured to be 93 MPa and 95 MPa, respectively.
LM25+Al2O3 was found to be considerably more ductile than the other specimens
followed by SAAW+Al2O3. This could be due to the less porosity and the more
uniform distribution of the Al2O3 reinforcement in the matrix.

Figure 56: Stress-strain curves under tension. (1) LM25+Al2O3 (2) SAAW+Al2O3 (3)
LM25+SAC (4) SAAW+SAC.

The fabricated material properties such as yield stress (σy), ultimate tensile strength
(σuts), strain (ε), and fracture point (Fp) are derived from the stress-strain curve. The
σy of sample 1 is 53 MPa with a strain of 0.34 mm. The maximum load was noted at
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6.5 kN. The σuts of LM25+Al2O3 is 174 MPa with εmax of 4.6 mm and the Fp is 171
MPa. LM25+Al2O3 recorded the predominant tensile properties compared to other
combinations of samples. SAAW+Al2O3 holds the properties of σy, σuts, εmax, fp are
50 MPa, 129 MPa, 2.7 and 125 Mpa respectively with maximum load applied at 4.7
KN. The sample made with SAC as reinforcement shows inferior material properties
because of the high porosity, correlating the optical microscope image and the
calculated percentage of porosity. The σuts of the samples LM25+SAC and
SAAW+SAC is 93 MPa and 95 MPa, respectively with the maximum applied load of
3.5 and 3.56 kN resp. LM25+Al2O3 was found to be considerably tougher than the
other specimens, followed by SAAW+ Al2O3, having a greater elastic modulus and
was found to be the most elastic among all samples. The higher strength attributed to
a high silicon weight percentage (7 wt.%) in the substrate (Krishnan et al., 2019).
5.2.4 Compressive Testing
The compression test was carried out on the samples (LM25+Al2O3, SAAW+Al2O3,
LM25+SAC and SAAW+SAC) to determine the compression properties and to
identify the fracture patterns. Three specimes from each AMCs were cut out using
CNC machine as per the ASTM E9 dimensions (Dia of 10 mm, length of 25 mm).
All samples were observed to deform in a barrel shape or bulge out and continued to
do until it formed pancake shape. Figure 57 present the fractured samples of all
composite’s samples. All samples have been observed to fracture along the diagonal
planes. The presence of friction constraint between contact flat specimen ends
generates a non-uniform plastic flow in the compressed samples. Such nonuniformity of the flow and accompanied material weakening create shear
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deformation in the diagonal plane (Mourad and Maiti, 1996; Mourad and Maiti,
1995; Mourad et al., 2014).

Figure 57: Fractured samples during compression test

Figure 58 represents the stress strain curves acquired from compression tests. It is
observed that LM25+Al2O3 exhibited the highest fracture stress of 336 MPa at a
deformation up to 8 mm from the original length. The ultimate compressive strength
(UCS) of 340 MPa has been measured. It is notable that after the fracture initiation
the curve tends to proceed upwards. For SAAW+Al2O3, the fracture stress is about
248 MPa at a deformation up to 8 mm and UCS of the AMC is 322 MPa. This shows
that SAAW+Al2O3 has relatively a lower load-bearing capacity. This could be due
to the higher hardening rate in LM25 alloy matrix which is clearly seen in the
compressive response of LM25+Al2O3 composite. The fracture stress of LM25+SAC
composite was found to be 221 MPa at a deformation of 5 mm from the original
length. Whereas, SAAW+SAC was found to be 265 MPa at a deformation of 6 mm
from the original length. This indicates that, there is a sharp decrease in load-bearing
capacity of the AMCs reinforced with SAC. The UCS of LM25+SAC and
SAAW+SAC is 234 MPa and 270 MPa respectively. This correlates with the
porosity observed in micrographs as well as the porosity percentage. Sharp kinks are
noticed in sample 1 and 2 of Figure 58, which suggests a crack line growth along
45° from the horizontal axis. A sudden decrease in the load bearing capacity of the
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specimen is noticed at this point and soon the sample takes a pan cake structure by
taking more load showing an increase in the curve.

Figure 58: Stress-strain curves under compression. (1) LM25+Al2O3 (2)
SAAW+Al2O3 (3) LM25+SAC (4) SAAW+SAC.
The yield and ultimate strength estimated from the stress strain curves of the AMC
samples for both tensile and compressive tests are shown in Figure 59. Based on the
tensile and compressive strength, sample LM25+Al2O3 composite shows superior
properties followed by SAAW+Al2O3 composite. The higher strength of
LM25+Al2O3 composite can be attributed to the higher silicon weight percentage (7
wt.%) in the matrix (Clarke and Sarkar, 1979).
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Figure 59: Yield and ultimate strength of the AMC samples. (a) Tensile and (b)
Compressive
The tensile and compressive strengths of AMCs with Al2O3 as reinforcement and
produced using squeeze casting process by earlier researchers are shown in Figure 60
(Boopathy and Prasath, 2017; Farhadipour et al., 2017; Hossein-zadeh et al., 2014;
Kim et al., 2017; Davanageri, 2016; Tahamtan et al., 2014; Vijayaramnath et al.,
2014). The AMCs produced from SAAW as a matrix exhibits almost similar value of
ultimate tensile strength with other AMCs while slightly better compressive strength
was observed when compared to other AMCs reported in literatures. This clearly
shows that the SAAW matrix is a good candidate as a matrix material for sustainable
production of AMCs.
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Figure 60: Comparison of tensile and compressive strength of various AMCs
primarily reinforced with Al2O3

5.2.5 Summary
Production of MMC using the stir squeeze casting method yields quality composites
with better material characteristics. The porosity, hardness, tensile and compression
test conducted on the four composites show that SAAW matrix is a good candidate
as a matrix material for sustainable production of AMCs. Also, Al2O3 is considered a
better reinforcement compared to SAC. SAAW as matrix and Al2O3 as reinforcement
is used for further experiments based on their superior quality. Optimization of
process parameters using the Taguchi method and its mechanical properties are
studied.
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5.3 Mechanical Properties of L9 Taguchi Samples and the Optimized Sample
(M2)
5.3.1 Porosity Measurement
Nine samples were produced using stir-squeeze casting technique by varying the
process parameters such as squeeze pressure, squeeze time, die temperature, and
stirrer speed. The experimental density of each sample was measured using the
Archimedes principle. The theoretical density of the sample was measured using the
rule of mixture. A rectangular portion was prepared from the top and bottom of each
sample. The specimen had a length of 25 mm and a diameter of 30 mm. The
percentage porosity was measured using the following Equation 1.
P = 1- (ρ experimental/ ρ theoretical) x100

(1)

The Taguchis confirmatory analysis showed that L6 method has the optimized
parameters to produced AMC’s. Based on the mechanical analysis of L9 samples,
M2 sample was prepared. Figure 61 shows the effect of stir and squeeze casting
parameters on the degree of porosity. The error bars are drawn taking into account of
5% error margins. The sample obtained from the optimized condition exhibited
almost the lowest porosity. Generally, composite materials show a greater level of
porosity than pure (control) sample (Rahman and Rashed, 2014; Salih et al., 2015;
Singh et al., 2016; Srivastava et al., 2014). This outcome can be expected because the
reinforcement particles serve as sites for nucleation of new grains as well as pores.
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Figure 61: Porosity percentage for L9 condition and M2 samples

The L6 experimental condition also showed lower porosity very close to the M2 as
well as the CS. The squeeze casting process reduces porosity by pressuring the
matrix and reinforcements to condense and bond closely, helping to avoid casting
defects (Christy et al., 2021; Christy et al., 2019). This process may be the reason for
the relatively low porosity values of most samples. L4 recorded the highest porosity
percentage (Figure 61), perhaps due to lower squeeze time and high stirrer speed.
Porosity may also occur when trapped gas escapes or due to matrix shrinkage during
solidification (Krishnan et al., 2019). This result may happen at low squeeze
pressures and time (Ozer et al., 2012) as in the case of L1, L2, and L3. Higher
amounts of silicon in the matrix (Al9FeMg3Si5) also generated nucleation sites
around the alumina reinforcements yielding micropores. Kumar and Tirth, 2013
studied the effect of stirring speed on the porosity of Al MMC. The researchers
established that higher stirrer speed with uniform squeeze distributed reinforcements
and decreased the percentage of porosity.
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5.3.2 Hardness Testing
The L9 samples were tested for hardness to investigate its mechanical properties.
This test shows the ability of the composite to defy the plastic deformation. In a
sense, the hardness of the cast composite supposed to be uniform throughout the
volume. This is apparently truthful only if the reinforcements are uniformly
distributed throughout the casted composite. In this experiment, the hardness
specimens are cut from the top and the bottom end of the produced ingot and
hardness is measured and the average value of five readings is taken into
consideration. Thus reducing the error by 2% , as showin in error bar of Figure 62.
The hardness value is compared with all the L9 specimens shown in Figure 62.
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Figure 62: Hardness chart of L1–L9, and optimized condition sample (M2)
Figure 62 shows the average Rockwell Hardness Scale B (HRB) values for all nine
experiments as well as the CS and M2. The L6 sample showed the highest hardness
followed by the M2, which can attribute to the higher squeeze pressure and squeeze
time. Higher squeeze pressure and time result in increased matrix density, restricting
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dislocation and increasing hardness (Mathew et al., 2016). Moreover, the presence of
stiffer and harder alumina particles in the matrix constrains the plastic deformation of
the material during indentation; thus, adding reinforcement improves hardness
(Prabu et al., 2006). As expected, the CS exhibited a very low hardness value. L4
also showed lower hardness which could be because of the high porosity. The pores
help in easy movement of the dislocation during indentation and so the MMC
behaves more like soft material. In addition, low squeeze time (15 seconds) was
used, resulting in higher porosity and subsequent lower hardness. Large dendritic
gaps and voids in the matrix decreased hardness while reducing the Secondary
Dendrite Arm Spacing (SDAS) of the aluminum primary α-and eutectic silicon
particles, resulting in improved hardness. The high hardness translates to superior
mechanical and tribological properties (Vencl et al., 2010).
5.3.3 Tensile Testing
The tensile test was conducted in a similar way as in the previous cases. All samples
were noted to fracture within the gage length (Figure 63). Stress-strain graphs were
plotted, and the obtained tensile properties, including yield strength (σy), UTS (σuts),
and fracture stress (σf) are listed in Table 16.
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Figure 63: Fractured tensile samples

Table 16: Tensile properties of samples
Composite
L1
L2
L3
L4
L5
L6
L7
L8
L9
CS
M2

σy
(MPa)
17
28
37
32
52
56
21
29
16
18
22

σuts (MPa)
115.9
130.77
108.57
90.8
152
151.7
109.07
148.8
136.53
99.9
132.9

σf
(MPa)
110.5
127.8
107.3
89.2
148
149.5
108.5
146.3
135.9
97.2
130.5

CS = control sample; M2 = optimized sample.

The complete list of data from tensile test (L1-L9) is given Appendix B, Table 2.
From Table 16: Tensile properties of samples, it can be seen that σuts for L5 and L6
were highest followed by L8. A full factorial experiment is a process where one
process parameter varies and the rest of the parameters are kept constant. In this
research, the process parameters simultaneously varied as per the Taguchi method, so
it is quite difficult to interpret the effect of a single process parameter. However, the
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process parameters of L5 and L6 may be considered for applications requiring higher
tensile strengths. In general, the higher tensile strength can be mainly attributed to
the higher squeeze pressure as well as higher stirrer speed. With an increase in
squeeze pressure and stirrer speed, the silicon-eutectic phase grew more distributed,
increasing the strength (Kumar and Tirth, 2013). When silicon distribution in the
matrix (Al9FeMg3Si5) increases, it provides a more active eutectic-silicon phase.
These active sites around grain boundaries act as hurdles, restricting the dislocation
movement in the matrix (Krishnan et al., 2019).
Higher squeeze pressure has also been found to decrease the grain size, thereby
increasing the hardness and mechanical properties (Low, 1956; Mehdinia and
Jahromi, 2012; Verma and Khvan, 2019). The σuts of the CS were much lower
(Christy et al., 2019) than all MMC samples except L4 which was only slightly
lower. In general, pure matrix exhibits lower tensile strength due to the lack of
reinforcement material, which inhibits crack propagation. The slightly lower σuts
value of the L4 sample was mainly due to the higher porosity, which diminishes the
strength derived from the reinforcement particles in the matrix. The tensile strength
of the optimized condition reached 140 MPa with a comparatively lesser strain
proportion of 2.5–3%. Because the optimized condition (M2) has the lowest porosity
(5.29%), the particle bonding should be higher, resulting in good tensile strength (AlMosawi et al., 2017). A lower strain value shows less plastic deformation at a
particular load (McDanels, 1985). With higher squeeze time (45 seconds), medium
pressure (100 MPa), and a medium stirrer speed (525 rpm), dendritic arms grew
closer, resulting in a dense matrix structure. These matrices with alumina inclusions
can restrict dislocation movement, increasing the brittle nature during failure. Thus,
ductility and brittleness may have decreased the tensile strength of the optimized
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condition (M2) samples. The tensile test result of M2 sample is given in complete list
is given in Appendix B, Table 6).
The fractured sample in the gage length (Figure 63) indicates a uniform load
distribution in the matrix (Srivatsan et al., 1997). Composite strength correlates
strongly with the degree of material porosity. Composites with high porosity have
been observed to have lower mechanical strength and a low Young's modulus and
Poisson ratio (Aqida et al., 2012). Porosity in a sample reduces the available load
area, which acts as an agent for crack initiation, growth, and final fracture (Ozer et
al., 2012) resulting in poor tensile strength and alloy ductility. Table 16 shows that
the L4 sample had the highest porosity and lowest tensile strength. The fracture
specimens were studied with their stress-strain curves, and tensile strength and
fracture stresses were measured from the curves directly.
5.3.4 Fractography of the Fractured Tensile Specimen
A small section of the fractures surface of the tensile specimen of L6 and M2
samples were taken for SEM analysis. Figure 64 shows the fractography of the
tensile specimen at x1000 magnification.
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Figure 64: SEM of tensile fracture surface of AMCs. (a)–(d): SEM of the tensile
fracture surface of the optimized sample (M2); (e) SEM of the tensile fracture
surface of the L6 sample.
The fracture surface at x1000 reveals areas of coarse matrix and sharp fracture
surfaces (Figure 64 a) which is a characteristic feature of a brittle fracture (Du et al.,
2001). Figure 64 (a) and (b) show that the matrix was coarse; delaminated alumina
sites can be seen in Figure 64 (e) (Johnyjames and Annamalai, 2017).
Trans granular cracking (Figure 64 (a) at x1000 magnification) acts as a center for
crack initiation and may be reduced by prolonged high pressure squeezing (Christy et
al., 2010). Magnification at x100 shows different sizes of voids, both deep and
shallow, which are the sites of debonded alumina (Figure 64 (b)] (James and
Annamalai, 2017). In Figure 64 (a) and (d), trans and intergranular cracking are

110
visible throughout the fractured structure. They are the sites for localized plastic
deformation zones, suggesting a brittle failure (Shorowordi et al., 2003). Also, the
surface of the optimized composite sample shows cleavage fractures, indicating a
brittle failure [Figure 64 (d)]. This finding can be explained by the presence of
alumina as reinforcement (Johnyjames and Annamalai, 2017). SEM image [Figure
64 (c)] at a magnification of x250 shows a trans granular fracture which is a
characteristic feature of matrix brittleness. Al2O3 reinforcements can be the reason
for matrix embrittlement. The bimodal failure of the composite can be due to a static
overload resulting from tensile stress on the matrix (Findlay and Harrison, 2002).
5.3.5 Compression Testing
Compression tests were carried out following the ASTM E9 procedure. The samples
exhibited a slight barrel shape structure during the tests (Figure 65). The fracture line
can be seen at a 45° angle. The complete list of data from compression test (L1-L9)
is given Appendix B, Table 3. Three samples of each method was taken and the
standard diviation of the tests were taken as the error bar as shown in Figure 66.

Figure 65: Compression test samples with their control samples (CS)
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Figure 66: Combined peak-load analysis of compression samples

Figure 66 shows the M2 with the highest compressive strength (433 MPa) compared
to all other samples (compression results of M2 sample in given in Appendix B,
Table 7). A high squeeze time of 45 seconds and optimum stirrer speed aided the
alumina dispersal throughout the matrix. The dispersed alumina cooled slowly when
compared to the matrix. With the longer squeeze time and a die temperature of
250°C, the dendritic arms developed (Krishnan et al., 2019), thus reducing voids and
decreasing the percentage of porosity (Arunachalam et al., 2020; Christy et al., 2021;
Christy et al., 2019).The more dispersed silicon-eutectic phase and alumina restricted
the dislocation movement, delaying crack propagation (Sajjadi et al., 2012). The
dislocation locks in the matrix decreased the strain (Cockcroft and Latham, 1968).
High squeeze pressure can scatter the developed agglomeration and reduce the crack
initiation, which can affect the fracture toughness and mechanical characteristics of
the composite (Arunachalam et al., 2020; Krishnan et al., 2019)
The L4 sample showed the lowest compression strength among the nine experiments,
but it was slightly higher than the CS (Figure 66) shows the M2 with the highest
compressive strength (433 MPa) compared. This trend is similar to the one observed
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for tensile strength. The L4 sample showed the highest porosity (Figure 61), lowest
hardness (Figure 62), and lowest tensile strength (Table 16). As discussed in the
previous sections, L4’s method used the lowest squeeze time (15 seconds) with
medium squeeze pressure (100 MPa) and the highest stirrer speed (600 rpm). The
high stirrer speed could have created a turbulent environment, which could be the
reason for the high porosity. In addition, the higher dispersion in the nucleated
silicon-eutectic phase made the matrix more porous (Kok, 2005). This high porosity
percentage weakened the sample (Iyer, 2011). Results also indicate that the UTS of
L5 and L6 were also quite high (σuts were the highest) after the M2 show that the
process parameters of L5 and L6 are also quite good if superior tensile and
compression strengths are required for a specific application (Figure 66).
The fracture pattern shown in Figure 67 suggests a brittle-ductile transition mode but
predominately brittle failure. Previous studies have shown that alumina particles are
the centers for dislocation (Krishnan et al., 2019). But because dislocation density
proceeds incrementally with uniform reinforcement distribution in the matrix, the
slip plane is hard to form (Al-Mosawi et al., 2017). This finding is supported by the
Orowan mechanism, suggesting that the dislocation movement relies on the strength
and size of particulate reinforcements (Al-Mosawi et al., 2017). During compression
testing, the load is effectively transferred from aluminum to particulate reinforced
alumina due to homogenous mixing, thus ensuring a reduction in the stress
concentration factor. Once micro-cracks develop along a slip plane combined with
voids, it becomes a site of crack nucleation and dislocation propagates. A slip plane
can be observed at 45° to the center axis. The pancake-shaped structure is the result
of uniaxial compression (Christy et al., 2010).
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Figure 67: Compression test fracture analysis of the optimized sample (M2)

5.3.6 Wear Analysis
A wear test is a high-stress test based on the frequent fracture of abrasive grains. This
wear can be characterized as quasi-two-body wear. At the start of the experiment, the
abrasive particles were attached to the wheel of the tester (Christy et al., 2017). As
the test proceeds, the fractured abrasive particles contribute to three-body abrasion
(Tiwari and Christy, 2016). ES20 grade, being the coarsest among the abrasive
sheets, eroded the samples to a greater extent (Figure 68). The complete list of data
from the wear test (L1-L9) is given Appendix B, Table 4.
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Figure 68: Abrasive wear analysis of samples
The L4 sample showed the highest wear rate, and increased composite porosity
showed higher wear rates (Mazahery and Shabani, 2012). L4 also exhibited the
highest porosity (Figure 61). Low squeeze pressure reduced the compactness of the
metal matrix, and the loose bonding allowed the delamination and chipping of
alumina causing high wear rates. High hardness and high squeeze pressure with
prolonged time resulted in a compact matrix in the case of L6. Its high wear
resistance can be explained by the strength of the matrix reflected in tensile and
compression test results. The optimized condition sample shows the lowest wear
rates suggesting superior matrix stability. Abrasive wear rates depend significantly
on the bonding strength of the matrix (Bhansali and Mehrabian, 1982). The bonding
strength is directly proportional to the tensile and compressive strengths (Sajjadi et
al., 2012). Thus, the strength of the bonds in the matrix contributes to wear rates. The
M2 sample showed a minimum wear rate during abrasion with ES20 grade compared
to the L6 sample.
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5.3.7 Fractography of the L6 and M2 Wear Specimens
The optimized sample (M2) was subject to abrasive wear using the Two body
abrasion tester. The abrasive particles were attached to the wheel of the aided in
abrasion of the M2 sample. ES20 grade, being the coarsest among the abrasive
sheets, eroded the samples to a greater extent. Figure 69 (a) shows diminished and
shallow wear tracks and small-scale chipping of Al2O3 and delamination of particles
from the Al matrix compared to L6 [Figure 69 (b)].
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Figure 69: SEM images of the optimized sample (M2) (a) SEM at x100 of the
optimized sample (M2) (b) SEM at x100 (L6) (c) SEM at x1000 (M2).
Striations are visible on the surfaces due to hard abrasion. The growth of shallow
striations can be observed due to continuous scratching, which resulted in localized
microplastic deformation (Johnyjames and Annamalai, 2017).
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The optimized condition shows an absence of extensive ploughed tracks and
striations parallel to the direction of abrasion. The surface deformation is a center for
crack nucleation, with propagation leading to greater wear rates (Mazahery and
Shabani, 2012). Ploughing the surface with a hard-abrasive wheel with repeated
strokes on the MMC developed fatigue stresses which initiated subsurface cracks
(Mehdinia and Jahromi, 2012) [Figure 69 (c)]. Localized material delamination
(x1000) was lower for M2 than for L6. The delaminated alumina can dislodge
between the abrasive wheel yielding to a three-body surface abrasion (Mazahery and
Shabani, 2012). Overall, the matrix of the M2 was found to be relatively stable
compared to samples from the nine experiments. The optimized composite was not
affected much by the 3 N loaded ES20 grit abrasive wheel, and the observed wear
rate was lower than in the other samples.
5.4 Friction Stir Welding
The weldability of the developed MMC’s was investigated using the Friction Stir
Welding technique. FSW uses a rotatory tooltip that moves in a traverse direction
along the bonding path of two solids. As the tooltip rotates and moves on the metallic
surface, heat is generated by friction due to the release of visco-plastic strains
(Huang et al., 2001). FSW operates below the melting point of the base material due
to the action of the stir tool plunging into the workpiece. This leads to a hot-shear
joint along with the weld line Figure 70. The frictional heat forms a plasticized zone
and refines grains that enhance the mechanical strength (Haghshenas et al., 2014).
Figure 71 shows a cylindrical FSW tool with a pin depth of 3 mm.
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Figure 70: AMC plates welded by FSW

Figure 71: FSW cylindrical pin tool

Conventional FSW technique was used for welding the L5, L6, and M2 (optimized
sample). A fixture was built to hold the specimens tightly. The samples are screwed
to the fixture to make sure the samples are firmly held. A rotating cylindrical tool
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with a profiled probe is fed into a joint between two clamped workpieces until the
shoulder, which has a larger diameter than the pin, touches the surface of the
workpieces. The pin depth is 3mm and the sample's thickness is 4 mm. After a short
dwell time, the tool is moved forward along the joint line at the pre-set welding
speed. Frictional heat is generated between the wear-resistant tool and the
workpieces. This heat, along with that generated by the mechanical mixing process
and the adiabatic heat within the material, causes the stirred materials to soften
without melting. The welded samples are shown in Figure 72. The welded sections
were subjected to tensile tests. Tensile samples were cut from each welded specimen.
The samples were subjected to tensile loading in UTM and the fracture load was
recorded. From Figure 73, it can be noted that the M2 sample showed the highest
tensile strength of 159 MPa, followed by L6 (141 MPa) and L5 (109 MPa).
a)

b)

c)

Figure 72: Frictional Stir Welded AMC’s. a) L5 method; b) L6 method; c) M2
(Optimized sample)
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Figure 73: Tensile strength of FSW samples (L5, L6, and M2)

5.5 Summary
The results of an experimental investigation on the mechanical properties of
produced MMC’s (complete list is given in Appendix B, Table 5) showed that
process parameters have a considerable effect on the properties and strength of the
composites. SAAW matrix with alumina reinforcement composite showed promising
results. After the optimization of process parameters, the M2 sample exhibited
competent physical and mechanical properties. It was also noted that the wear rates
can also be reduced by optimizing the process parameters.
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Chapter 6: Results and Discussion: Optimization of Process Parameter
for Stir- Squeeze Cast MMC
6.1 Introduction
In this chapter, an optimization study was conducted to obtain optimal process
parameters for stir-squeeze casing using the Taguchi and GRA method. The details
of the different control factors used in the experiment are also reported.
6.2 Process Parameter and Taguchi’s Experimental Setup
Four different process parameters with three levels for each parameter were selected
for the current experiment. Parameters and their levels were selected based on the
literature and an initial trial (Krishnan et al., 2019). The selected parameters and their
levels were as follows: squeeze pressure as measured in Megapascals (MPa) (A1: 75;
A2: 100; and A3: 125); squeeze time as measured in seconds (B1: 15; B2: 30; and
B3: 45); die preheating temperature as measured in degrees Celsius (C1: 250; C2:
300; and C3: 350); and stirrer speed as measured in rotations per minute (rpm) (D1:
450; D2: 525; and D3: 600). With four parameters each having three levels, the full
factorial design resulted in 81 experiments. To optimize response variables (i.e.,
hardness, porosity, tensile and compressive strength, and abrasive wear resistance)
under the named parameters using a full factorial design would be both timeconsuming and very expensive. Therefore, to minimize the number of experiments,
the Taguchi method was implemented using a special design of orthogonal arrays to
provide reduced variance for the experiment and a minimum number of experiments
(Ahmad et al., 2016). The Taguchi method resulted in nine experimental setups (L1–
L9) with parameters distributed at three levels. The Taguchi method was combined
with GRA to optimize multiple responses simultaneously.
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The Taguchi-GRA method was used to optimize process parameters (Arunachalam
et al., 2020). Table 17 shows the experimental plan generated by Minitab statistical
software (Minitab, LLC, State College, Pennsylvania, USA) using the Taguchi
orthogonal array. The response variables obtained after subjecting the samples to
various mechanical property characterization based on the experimental design are
also shown in Table 17.
Table 17: Taguchi experimental plan and obtained response variables
Process parameters
Exp
L1
L2
L3
L4
L5
L6
L7
L8
L9

Pressure
(MPa)
75
75
75
100
100
100
125
125
125

Time
(sec)
15
30
45
15
30
45
15
30
45

Temp
(°C)
250
300
350
300
350
250
350
250
300

Speed
(rpm)
450
525
600
600
450
525
525
600
450

Porosity
(%)
6.33
6.51
7.08
8.88
7.65
8.4
6.12
7.84
8.35

Response variables
Tensile
Hardness
strength
(HRB)
(MPa)
50.7
115.9
42.42
130.77
47.45
108.57
37.3
90.8
45.55
152
60.9
151.7
47.52
109.07
45.15
148.8
54.17
136.53

Comp.
Strength
(MPa)
339.425
330.075
316.275
292.425
359.475
356.1
338.825
356.125
319.07

Exp = experiment; MPa = Megapascal; sec = seconds; temp = temperature; rpm =
rotations per minute; HRB = hardness, Rockwell scale B; comp = compressive.
As the traditional Taguchi technique cannot optimize multiple responses
simultaneously, it was combined with GRA. The Taguchi-GRA method uses a
signal-to-noise (S/N) ratio to optimize the response variable (Haq et al., 2008). The
obtained response variables in Table 17 were translated into a S/N ratio, which was
further converted into a Grey relational coefficient (GRC) and a Grey relational
grade (GRG) by using the Taguchi-GRA method. The steps followed to convert the
S/N ratio into the GRG value are discussed in the work of Viswanathan et al. (2018).
Table 18 below shows the GRC, GRG, and ranking of all nine experiments based on
the GRG.
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Table 18: GRA results and ranking of all nine experiments
Experiment
L1
L2
L3
L4
L5
L6
L7
L8
L9

Porosity
0.846
0.751
0.561
0.333
0.454
0.370
1.000
0.428
0.374

GRC
Tensile
Hardness
strength
0.572
0.487
0.404
0.631
0.496
0.434
0.333
0.333
0.458
1.000
1.000
0.992
0.497
0.437
0.450
0.924
0.677
0.706

Comp.
Strength
0.643
0.547
0.446
0.333
1.000
0.916
0.636
0.917
0.464

GRG

Rank

0.637
0.583
0.484
0.333
0.728
0.820
0.642
0.680
0.555

5
6
8
9
2
1
4
3
7

GRC = Grey relational coefficient; comp. = compressive; GRG = Grey relational
grade
From the results, it can be observed that experiment L6 yielded the best combination
of process parameters as it had the highest GRG value. The setup corresponds with
A2-B3-C1-D2, or a squeeze pressure of 100 MPa, squeeze time of 45 seconds, a die
preheat temperature of 250°C, and a stirrer speed of 525 rpm. Further, to estimate the
effect of each process parameter on the responses, the average GRA was used.

Table 19: Average Grey relational grade (GRG) at different levels of process
parameters
Parameter
Pressure (A)
Time (B)
Temperature (C)
Speed (D)

Level
0.568
0.538
0.712
0.640

Level 2
0.627
0.664
0.491
0.682

Level 3
0.626
0.620
0.618
0.499

Max-min
0.059
0.126
0.222
0.183

Rank
4
3
1
2

The average GRG value at different process parameter levels is shown in Table 19.
From the response table, it can be observed that the optimum process parameter
values occurred at a squeeze pressure of 100 MPa, a squeeze time of 30 seconds, a
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die preheating temperature of 250°C, and a stirrer speed of 525 rpm as indicated by
the process parameters’ highest average GRG value. This setup is represented as A2B2-C1-D2. The parameter with the maximum difference of average GRG values
(Table 19) indicates the parameters with the highest influence. Therefore, die
preheating temperature is the most dominant parameter on multiple responses
followed by stirrer speed, squeeze time, and squeeze pressure.

Table 20: Result of confirmatory analysis
Setting level
Porosity
Hardness
Tensile strength
Compressive strength
Grey relational grade

Initial setting
A2-B3-C1-D2

Prediction
A2-B2-C1-D2

Experimental
A2-B2-C1-D2

8.4

-

5.29

60.9
151.7
356.1
0.820

0.843

55.82
132.87
433.2
0.854

To validate the accuracy of the obtained optimized parameters, a confirmatory
analysis was used. As discussed in Viswanathan et al. (2018), in this approach, the
GRG value is predicted, and then a confirmatory experiment is carried out based on
the optimized process parameters (Table 19) (Souissi et al., 2014). Table 20 shows
the predicted GRG value and the results of the confirmation experiment. From Table
20, it can be seen that the GRG value for the confirmatory experiment was 0.854,
showing an improvement of 3.4% and 1.1% in the GRG value compared to the initial
L6 setting and predicted value, respectively. The highest GRG obtained in the
confirmatory experiment showed that the process parameters, estimated through the
Taguchi-GRG method, offered optimal performance characteristics among all
combinations of the various levels of process parameters (Arunachalam et al., 2020).
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The three distinct phases -pore, matrix, and particles - can be seen in the optical
microscope images.
6.3. Surface Topographical Image Analysis
Taguchi method was used to cast 9 samples (L1-L9) to optimize the stir-squeeze
casting process. Dynamic Image Analysis method was used to identify the pores and
grain distribution in the L9 samples. The optical microscopy analysis of samples
from the nine experiments is shown in Figure 75.

Figure 74: Optical microscope images (x500) of the L9 samples and control sample

Due to squeeze pressure, the dendrites are finer when compared to the stir gravity
casts in which the dendritic region was separated from each other by an interdendritic region (Ozer et al., 2012). In other words, inter-dendritic regions decrease
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with increasing squeeze pressure. Al2O3 agglomerates were spotted in the matrix,
trapping air and leading to porosity (Bozkurt and Boumerzoug, 2018; Chou et al.,
1985; Singh and Chauhan, 2016). The optical microstructural images contain three
distinct phases: pore, matrix, and particles. The grey particles in the images were
formed from the agglomeration of alumina reinforcements and the silicon eutectic
phase (Zhao et al., 2014).
6.3.1 Pore Distribution
The pore size distribution is obtained by analyzing the blue pixels in the optical
microscopic image. Figure 75 shows the binarization images for all nine composites.
The pore size or the feret diameter was obtained from the measured area by the
image analysis software (Zhao et al., 2017). The images are calibrated to the scale
shown in the optical microscope image scale bar. The image is set to a 32-bit
greyscale and its threshold is adjusted to separate the pores and the inclusions. The
measurements such as area, shape descriptors, area fraction and feret diameter are
selected for the analysis. Finally, the pore distribution is analyzed for the different
range (0-25 µm, 25-50 µm, 50-75 µm, 75-100 µm, and >100 µm) and the
corresponding number of pores are recorded as shown in Table 21.
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Figure 75: Topologies of AMC’s with 5 wt.% reinforcement at 500X Magnification

Table 21: Pore size distribution
L1
L2
L3
L4
L5
L6
L7
L8
L9
Pore size Numbers Fraction Numbers Fraction Numbers Fraction Numbers Fraction Numbers Fraction Numbers Fraction Numbers Fraction Numbers Fraction Numbers Fraction
µm
%
%
%
%
%
%
%
%
%
0-25
49
87.5
10
76.9
114
93.4
39
67.2
16
64
36
85.7
48
88.9
66
100
10
91
25-50
5
8.9
2
15.4
7
5.7
19
32.8
5
20
5
11.9
3
5.5
0
0
1
9
50-75
1
1.8
0
0
1
0.9
0
0
2
8
0
0
1
1.9
0
0
0
0
75-100
0
0
1
7.7
0
0
0
0
1
4
1
2.4
1
1.8
0
0
0
0
>100
1
1.8
0
0
0
0
0
0
1
4
0
0
1
1.9
0
0
0
0
56
100
13
100
122
100
58
100
25
100
42
100
54
100
66
100
11
100

As mentioned earlier, Figure 75 shows the full threshold area of the composites. For
better visualization, the pores in the micrograph are represented in blue. Figure 76(a)
shows the pore distribution in the composites for the entire area of the microstructure
image obtained. For better visualization of porosity, the matrix phase and particles
from the entire area as determined by thresholding the image are darker. Most of the
pores were smaller than 25 µm, and were thus within a narrow range and
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homogeneously distributed (Du et al., 2001). Keyhole pores (Figure 75) were
irregularly shaped and larger (above 100 µm) (Hossein-zadeh et al., 2014). The L1,
L4, and L5 composites were composed of metallurgical and keyhole pores (Han et
al., 2017). The remaining composites contained only metallurgical pores, with a pore
size of less than 100µm. The largest pore size (keyhole pores of 151.541 µm) can be
seen in L5. The L8 and L9 composites consist of smaller size (average) pores as
compared to other conditions, which can mainly be attributed to higher squeeze
pressure and squeeze time resulting in smaller size pores (Figure 76 b). The L1, L4,
and L5 composites consist of larger (average) pores. The larger pore sizes and higher
porosity in these three conditions are caused by poor wettability within the matrix,
resulting in poor nucleation of the surfaces. Moreover, the squeeze pressures were
lower when compared to L8 and L9. From Figure 76, it can be noted that the
optimized sample (M2) shows the least average pore size among L9 samples.

Figure 76: Pore distribution. (a) Pore size distribution; (b) Average pore size
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6.3.2 Grain Size Distribution
The grain size distribution is obtained by duplicating the microscopic image and
grain size for a given material quantified by using image analyzing software
(Abrams, 1971). A sample with small crystals will have a high average grain
intercept value compared to a sample with large grains.

Figure 77: Estimation of average grain sizes of the composites

Figure 77 shows the optical microscopic image of the composites that have been
polished to produce a smooth flat surface and then etched to highlight the boundaries
between grains. The total count of grains on the duplicated image would then be used
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to calculate the average grain intercept for the sample. The average grain size
obtained for all nine samples is shown in Figure 77. The distribution of grain size
was obtained by applying the pore diameter and counting the grains in the optical
microscopic image Figure 78 (a).
Table 22: Grain size measurements
L1
L2
L3
L4
L5
L6
L7
L8
L9
Grain sizeNumbers Fraction Numbers Fraction Numbers Fraction Numbers Fraction Numbers Fraction Numbers Fraction Numbers Fraction Numbers Fraction Numbers F
µm
%
%
%
%
%
%
%
%
%
0-25
20
44
35
63
75
70
56
67
89
71
44
69
53
74
57
68
59
25-50
11
25
13
23
24
23
18
22
24
19
14
22
9
13
22
26
14
50-75
12
27
3
5
5
5
7
8
10
8
3
5
7
9
4
5
5
75-100
1
2
4
7
1
1
1
1
2
2
1
1
1
1
1
1
0
>100
1
2
1
2
1
1
2
2
0
0
2
3
2
3
0
0
0
45
100
56
100
106
100
84
100
125
100
64
100
72
100
84
100
78

a)

b)

Figure 78: Grain distribution. (a) Grain size distribution (b) Average grain size
The grain size decreases, thereby increasing its mechanical properties. The addition
of reinforcement particles (Al2O3) reduces grain size because they provide sites for
nucleation; thus, the composites exhibit better mechanical properties (Abrams, 1971;
Mostaed et al., 2015). Previous research explained that grain refinement in
composites is also due to large plastic deformation during the stirring process,
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causing dynamic recrystallization of the material (Abreu et al., 2017). The number of
items or grains are counted in the optical microscopic image and its corresponding
diameter values are counted. The average grain size is calculated using image
analysing software. A sample with small grains will have a high average grain
intercept value compared to a sample with large grains. The average grain size
obtained for experiments L1–L9 is shown in Figure 78 (b). The maximum average
grain size was obtained for L1 (36.819 µm) with a total of 45 grains counted, while
L9 obtained a minimum average grain size of 16.545 µm, with a total of 78 grains
counted.
L1 samples were processed under a squeeze pressure of 75 MPa (lowest), a stirrer
speed of 450 rpm (lowest), and a squeeze time of 15 seconds (lowest). According to
Souissi et al. (2014), low squeeze pressure, time, and stirrer speed results in larger
grain sizes, possibly explaining why L1 had the highest average grain size [Figure 78
(b)] (Souissi et al., 2014). The micrograph in Figure 74 shows L9’s large dendritic
structures with the lowest pore size [Figure 76(b)]. Since alumina cools slowly as
compared to a SAAW matrix, the silicon eutectic phase along with alumina grows in
cooler regions, thus forming dendritic structures in a matrix (Rahman and Rashed,
2014). From Figure 78, it is clear that the optimized sample (M2) has lower grain
size when compared to the L5 and L6 method samples.
6.4 Main Effect Plot for SN Ratio
This plot is very essential to identify the highest and lowest influential factor, as it
describes the effects of changing the parameters from one level to another (Gao et
al., 2016; Rezgui et al., 2011). However, the horizontal line in the plot indicates the
average of the S/N ratio of the nine samples prepared using Taguchi (L1- L9).

131
6.4.1 Porosity Versus Factors
The Figure 79, shows SN ratio plots based on porosity. From the graph, it can be
seen that the porosity is less at squeeze pressure = 100 MPa, squeeze time = 45
seconds, die preheating temperature = 300℃, and stirrer speed = 600 rpm. Also, it
can be observed that the squeeze pressure has the most significant difference
between the levels and hence it has the largest influence over the porosity followed
by stirrer speed. squeeze time, and die preheating temperature was found to have
very little influence on the Porosity. Figure 79 shows the interaction plots for
porosity at various levels.

Figure 79: Main effects plot for SN ratio

6.4.2 Interaction Plot for Porosity
The relationship of the combined factors on porosity was studied from the interaction
plot. This plot typically displays means for the four levels of one parameter on the x-
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axis and a separate line for another four levels of another parameter. The greater the
strength of interaction occurs with the more nonparallel lines (Figure 80) , and there
is where most significant interaction effects can be indicated (Arunachalam et al.,
2020; Niveen et al., 2015; Souissi et al., 2014). Figure 80 shows the effect of
porosity by changes in parameters such as squeeze pressure, squeeze time, die
preheating temperature and stirrer speed. Each of the four parameters has three levels
and the interaction between these levels and parameters are also shown in the Figure
80.

Figure 80: Interaction plot for porosity

Taguchi techniques suggested the optimal combination of factors and levels to be
Squeeze Pressure (2) Squeeze Time (3) Die Preheating Temperature (2) Stirrer Speed
(3) as shown in Figure 81. Main effect plot from Figure 81 suggests that porosity is
predominantly controlled by squeeze time followed by die preheating temperature.
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Figure 81: Main effect plot for SN ratio

6.4.3 Interaction Plot for Hardness
The relationship of hardness with the process parameters was studied from the
interaction plot shown in Figure 82. This plot typically displays means for the four
levels of one parameter on the x-axis and a separate line for another four levels of
another parameter. The lines on the plot describe if there is an interaction or not.
Figure 82 displays the overall interaction between the parameters (squeeze pressure,
squeeze time, die preheating temperature, stirrer speed) and the hardness. Taguchi
techniques obtained the optimal level combination of the four process parameters.
The optimal combination of factors and levels are found to be squeeze pressure (3),
squeeze time (3), die preheating temperature (1), and stirrer speed (1).
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Figure 82: Interaction plot for Hardness

Figure 82 shows SN ratio plots based on Hardness and the control parameters. From
the Figure 82, the hardness of the composites is optimum at squeeze pressure = 120
MPa, squeeze time = 45 seconds, die preheating temperature = 250℃, and stirrer
speed = 450 rpm. From the plot, it observed that the parameter Squeeze Time has the
largest difference between the levels and hence it has the largest influence over the
hardness followed by die preheating temperature. Squeeze Pressure was found to
have the least influence over the hardness.
6.4.4 Tensile strength Versus Factors
The Figure 83 shows SN ratio plots based on tensile strengths of the L9 composites.
From the Figure 83, tensile strength is maximized at squeeze pressure = 120 MPa,
squeeze time = 30 seconds, die preheating temperature = 250℃, and stirrer speed =
450 rpm. From the plot, it can be clearly observed that the squeeze time has the
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largest difference between the levels and hence it has the largest influence over the
tensile strength followed by, stirrer speed and die preheating temperature the third.
Squeeze pressure was found to have the least influence on the tensile strength.

Figure 83: Main effects plot for SN ratio

6.4.5 Interaction Plot for Tensile Strength
The relationship of tensile strength on other parameters (squeeze pressure, squeeze
time, die preheating temperature, stirrer speed) was studied from the interaction plot
shown in Figure 84. This plot typically displays means for the four levels of one
parameter on the x-axis and a separate line for another four levels of another
parameter. The most significant interaction effects can be indicated from the plot
(Arunachalam et al., 2020; Alkadir et al., 2015; Souissi et al., 2014). Figure 84
displays the effect of process parameters on tensile strength of the L9 composites.
The tensile strength is maximized at squeeze pressure = 120 MPa, squeeze time = 30
seconds, die preheating temperature = 250℃, and stirrer speed = 450 rpm.
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Figure 84: Interaction plot for Tensile

6.4.6 Compressive Strength Versus Factors
Figure 85 shows SN ratio plots based compressive strength and the effect of process
parameters (squeeze pressure, squeeze time, die preheating temperature, stirrer
speed). From, Figure 85 it can be seen that the compression strength is maximized at
squeeze pressure = 120 MPa, squeeze time = 30 seconds, die preheating temperature
= 250℃, and stirrer speed = 525 rpm. Die preheating temperature has the largest
difference between the levels, and hence it has the largest influence over the
compressive strength followed by squeeze time and stirrer speed. Similar to the
previous observations, Squeeze pressure was found to have the least influence on the
compressive strength.
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Figure 85: Main effects plot for SN ratio

6.4.7 Interaction Plot for Compressive Strength
The relationship of compressive strength on casting parameters was studied from the
interaction plot. This plot typically displays means for the four levels of one
parameter on the x-axis and a separate line for another four levels of another
parameter. From the Figure 86 , the optimal combination of factors and levels are
found to be squeeze pressure (3), squeeze time (2), die preheating temperature (1),
and stirrer speed (2). The results show that maximum compression strength can be
achieved by casting at squeeze pressure = 120 MPa, squeeze time = 30 seconds, die
preheating temperature = 250℃, and stirrer speed = 525 rpm.
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Figure 86: Interaction plot for compression strength

6.5 Grey Relational Analysis (GRA)
Grey Relational Analysis (GRA) is a normalization evaluation tool that is used to
find the optimum process parameters of multi-performance characteristics process
(Arunachalam et al., 2020). It is a theory that analyses the uncertain relations
between main factors in a given process (system). It involves the following main
steps (Haq et al., 2008). The SN ratios are normalized by Taguchi. The full list of the
GRA results is given in Appendix C. Table 23 shows the normalized responses.
Table 24 is a derived form of GRC and from Table 25, GRG is obtained.
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Table 23: Normalization
Normalization
Ex.No Porosity Hardness Tensile Compression
%
HRB
(Mpa) (MPa)
1
0.924
0.568
0.556
0.701
2
0.859
0.217
0.793
0.562
3
0.652
0.430
0.188
0.356
4
0.000
0.000
0.000
0.000
5
0.446
0.350
0.902
1.000
6
0.174
1.000
1.000
0.950
7
1.000
0.433
0.327
0.692
8
0.377
0.333
0.877
0.950
9
0.192
0.715
0.831
0.397
Table 24: Grey relational coefficient
Grey relational coefficient
Ex.No Porosity Hardness Tensile
Compression
%
HRB
(Mpa)
(MPa)
1
0.868
0.536
0.530
0.626
2
0.780
0.390
0.707
0.533
3
0.590
0.467
0.381
0.437
4
0.333
0.333
0.333
0.333
5
0.474
0.435
0.836
1.000
6
0.377
1.000
1.000
0.909
7
1.000
0.469
0.426
0.619
8
0.445
0.428
0.803
0.909
9
0.382
0.637
0.747
0.454

Table 25: Grey Relational Grade (GRG)
Ex. No.
1
2
3
4
5
6
7
8
9

GRG
0.640
0.602
0.469
0.333
0.686
0.821
0.628
0.646
0.555

Rank
4
6
8
9
2
1
5
3
7
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6.6 Significant Process Parameters
To estimate the effect of each process parameter on the responses, average grey
relational analysis is used in consideration with all the levels of other process
parameters. The average response value at different levels of control parameters is as
shown in Table 26. The parameter with the maximum difference of average GRG
value in the table indicates the parameter with the highest influence. Accordingly, die
pre-heat temperature appears to be the most dominant parameter on multiple
performances followed by stirrer speed, squeeze time and then squeeze pressure.
Table 26: Response table for grey relational grade
Control parameter
Level 1
Squeeze pressure (A)
0.557
Squeeze time (B)
0.527
Die pre-heat temperature (°C) 0.704

Level 2
0.627
0.657

Level 3
0.611
0.610

0.480

0.610

0.224

1

Stirrer speed (D)

0.673

0.494

0.179

2

0.628

Figure 87: Main effect plot of GRG

Max-Min Rank
0.069
4
0.130
3
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Table 26 shows the main effect plot of process parameters on GRG. From the Figure
87 it is observed that the optimum value of control parameters is when squeeze
pressure is at 100 MPa, squeeze time is at 30 sec, die pre-heat temperature is at
250°C and stirrer speed is at 525 rpm. This optimum experimental setup is
represented by A2-B2-C1-D2.
6.7 Confirmation Test
To validate the accuracy of optimized control parameters and to determine the
improvement in performance characteristics, confirmatory experiment was
conducted.
Table 27: Confirmation experiment
Initial setting

Experimental

Setting level

A2-B3-C1-D2 A2-B2-C1-D2

Porosity

8.4

5.287

Hardness

60.9

62.9

Tensile strength

151.7

138.9

Compressive strength

356.1

433.2

Grey relational grade

0.819

0.925

Table 27 shows the results of the confirmation experiment using optimum process
parameters estimated by the GRA method. From the table, it is obvious that as
compared to the initial setting, there is significant improvement with an experimental
setting for all the response variables, except tensile strength. In terms of multiresponse variables, GRG of experimental setup is improved by 12.5%. Based on
experimental and confirmatory analysis, it can be stated that using squeeze pressure
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of 100 MPa, squeeze time of 45s, die preheating temperature of 250°C, and stirrer
speed of 525 rpm should be used to cast recycled AMCs.
6.8 Summary
The optimization of process parameters agrees with the results of the mechanical
properties. The results showed that experiment 6 (L6) had the highest hardness,
tensile and compressive strengths. The optimization of the process also concluded
that experiment 6 is the optimum method to cast recycled Al MMC’s. Using the
experiment 6 method, optimized sample was cast (M2) and was compared with the
control sample (LM25+ Al2O3). The results showed that, SAAW+ Al2O3 composite
exhibited competent strength.
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Chapter 7: Results and Discussion: Hybrid Metal Matrix Composites
7.1 Introduction
In this chapter, hybrid reinforcements have been introduced to further improve the
optimized sample. The objective of selection of reinforcements focused on being low
cost and easily available. Thus, SiC, graphite and alumina were selected as the
hybrid fillers. Graphite, in the form of fibers or particulates, has long been
recognized as a high-strength, low-density material (Christy et al., 2017; Jeon et al.,
2014). Aluminum graphite particulate MMCs produced by solidification techniques
have been used in variety of engineering applications such as automotive
components (Christy et al., 2019; Christy et al., 2017; Idrisi et al., 2018; Tiwari and
Christy, 2016), bushes, and bearings (Ma et al., 2018). Their uses are being explored
in view of their superior technological properties such as the low coefficient of
friction, low wear rate, superior gall resistance. This has led to increases research
interest on evaluating the effect of type and weight fraction of reinforcement in the
matrix and procedure that used to produce of MMCs (Anand et al., 2016;
Dhanashekar and Kumar, 2014; Suryanarayanan et al., 2013). In this investigation
varying volume fraction of SiC, graphite, and alumina were studied to determine the
best result of properties. Accordingly, M2 method was used to stir-squeeze cast the
samples.
7.2 Materials
Six castings were developed for this experiment with Scrap Aluminum alloy wheel
(SAAW) as a matrix. BMW car alloy wheels were purchased from a local scrap
supplier in sultanate of UAE. The scrap wheel was cut, and cleaned before it was fed
to the casting furnace. High-purity alumina powder of 30-60 μm size was purchased
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from Alfa Aesar. Also, high purity graphite powder and SiC of 50 µm were
purchased from Merk. 5% by weight of alumina, 1-4% by weight of graphite and 3
& 6% by weight of SiC were added as reinforcements to the SAAW matrix
7.2.1 Matrix and Reinforcements
SAAW is used as matrix for all the six castings shown in Table 28. The elemental
composition of SAAW matrix was obtained through XRF analysis and have
presented in chapter 4. Table 28 shows the number of castings and the composition
of alumina, graphite and SiC. Casting 1 sample as the M2 sample used for comparing
the properties of the rest 5 castings.
Table 28: Casting composition: Matrix and reinforcements
Casting
1
2
3
4
5
6

Matrix
SAAW
(1400 gm)

Reinforcements
5 wt.% Al2O3 (70gm)
5% Al2O3
1 wt.% graphite
5% Al2O3
3 wt.% graphite
5% Al2O3
4 wt.% graphite
5% Al2O3
3 wt.% SiC
5% Al2O3
6 wt.% SiC

7.3 Squeeze Stir Casting of Hybrid Composites
The scrap wheels were cut into small pieces and washed with soap in order to
remove dirt, as done so far. Through buffing procedures, the soil that cannot be
taken away by brushing was removed. The scrap wheel materials were weighed in
compliance with the die volume specification. The die blocks have a dimension of 50
mm x 50 mm x250 mm in size. The non-stick graphite coating was applied on the
surface of the die, furnace, runway, stirrer blade, stirrer rod and bottom tubes at
70°C. At a temperature of 700°C, the scrap aluminum alloy materials were melted in
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the furnace (shown in Figure 88) for 30 minutes. The slag was then extracted by
tongue and 1% Mg was added as a binding agent (Gupta et al., 2000).

Figure 88: Bottom Pouring Type Stir Casting Furnace

According to the process parameter design output from Taguchi statistical
optimization (L6 method), the set parameters (squeeze pressure, squeeze time,
preheating temperature, and stirrer speed) were set using the systems control panel
(Arunachalam et al., 2020). Accordingly, squeeze pressure of 100 MPa, squeeze time
of 45s, die preheating temperature of 250°C, and stirrer speed of 525 rpm was set.
5% (weight of matrix or reinforcement) of reinforcement was added to the molten
aluminum and stirred at a specific speed for 5 minutes. The melt was then permitted
to enter the preheated die as shown in Figure 88. The necessary ram pressure was
immediately applied to the melt poured. Finally, after solidification, the samples
were removed and arranged as shown in Figure 89.

146

(a)

(b)

(c)

(d)

(e)

Figure 89: Cast Hybrid AMC’s. (a)-(e) composite rods with SAAW matrix with
alumina, graphite, and SiC

7.4 Scanning Electron Microscopy of Hybrid Composites
Small cubic sections from all the five castings (1% graphite+ Al2O3, 3% graphite+
Al2O3, 4% graphite+ Al2O3, 3% SiC+Al2O3, 6% SiC+ Al2O3) were cut and prepared
for the SEM as described in Section 4.1. As casting 1 represents the M2 sample, the
SEM is not conducted for that again. Figure 90 shows various fillers from 1% to 4%
graphite and 3 & 6% SiC by wt. Same matrix (SAAW) was used for all these
combinations. Figure 90 (e) shows that 6 wt.% SiC to alumina and SAAW matrix
resulted in heavy delamination of SiC. This revels that the matrix binding force is
negated by the squeeze pressure and time (Dhanashekar and Kumar, 2014; Huang et
al., 2001; Rahman and Rashed, 2014; Ravi et al., 2015). Figure 90 (c) shows that 4
wt.% graphite in the bonded well in the matrix with no visible porosity or
delamination. From the SEM analysis it can be concluded that increase in graphite%
has reduced the porosity to great extend whereas increase in SiC has contributed to
the delamination from the matrix.
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a)

b)

Al2O3

Graphite

Al2O3

Al2O3

c)

d)

e)

SiC

Figure 90: Hybrid composites with SAAW matrix + 5% Al2O3 and varying fillers. (a)
1 wt.% graphite; (b) 3 wt.% graphite; (c) 4 wt.% graphite; (d) 3 wt.% SiC; (e) 6 wt.%
SiC.
7.5 Mechanical Characterization
7.5.1 Porosity and Specific Strength
Small sections were taken from top and bottom of the five castings (1% graphite+
Al2O3, 3% graphite+ Al2O3, 4% graphite+ Al2O3, 3% SiC+Al2O3, 6% SiC+ Al2O3) to
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conduct the porosity analysis. Figure 91 shows the effect of casting conditions on the
degree of porosity. The lowest porosity is for samples with 4% graphite and the
casting parameters were 100 MPa squeeze pressure, 45 s squeeze time, 250°C die
temperature and 525 rpm stirrer speed. Presence of entrapped air during casting
might have resulted in the porosity in the casted composite materials (Aqida et al.,
2012; Ozer et al., 2012).

Figure 91: Porosity for hybrid AMC’s

Grain refinement was observed by adding SiC/graphite to the SAAW matrix. The
SiC/ graphite particles were homogeneously distributed due to the uniform stirring
action. The uniform dispersion of SiC/graphite particles was increased by increasing
the addition of SiC/graphite to the aluminum matrix (Suryanarayanan et al., 2013).
Composite materials are generally more porous than pure samples (Kumar and
Menghani, 2016). However, squeezing the matrix and reinforcements closely to
condense and bind reduces the porosity/defects in casted samples (Singh and
Chauhan, 2016). Higher silicon quantities in the matrix creates nucleation sites
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around the reinforcing alumina and build micropores. Whereas graphite alumina
made more compact matrix. Higher graphite % decreases porosity (Jeon et al., 2014).
According to Figure 91, samples with only alumina as reinforcements recorded the
highest porosity and this may be due to voids develops by improper binding of
alumina and SAAW. Porosity may also occur when the trapped gas escapes from the
matrix or because of the matrix shrinkage during solidification (Ozer et al., 2012).
Samples with 1% graphite, 3% SiC and 6% Sic also recorded high percentage of
porosity 5.9%, 5.2%, and 5.6% respectively. Whereas, AMC with 4% graphite filler
showed the least porosity followed by sample with 3% graphite.
7.5.2 Hardness
The five castings (1% graphite+ Al2O3, 3% graphite+ Al2O3, 4% graphite+ Al2O3,
3% SiC+Al2O3, 6% SiC+ Al2O3) were analyzed by Brinell's hardness testers. Figure 4
indicates the impact of reinforcements in hardness values. The Brinell hardness
values agree with the porosity trend. Christy et al. (2017) reported an increase in
hardness at high squeeze pressure while casting aluminum metal matrix composites.
The results showed that the grain size decreased with increasing the squeeze
pressures and thus, reducing the spacing of α-eutectic silicon primary aluminum
dendrite arm (SDAS) leading to an improved hardness. Figure 92 shows, samples
with 4% graphite showed the highest hardness followed by the samples with 3%
graphite. Although all the cast samples were obtained using high pressure and
squeeze time, 3% SiC samples displayed comparably poorer than samples with
alumina alone. The high hardness values of 4% graphite samples may be due to hard
agglomeration noticed several researchers (Christy et al., 2017; Hong et al., 2017;
Jeon et al., 2014; Christy, Mourad, and Tiwari, 2020; Vencl et al., 2010). This when
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combined with high speed of the stirrer blades which has aided in distribution of hard
reinforcements in the matrix creating a harder composite. The hardness chat in
Figure 92 showed, AMCs with 4% graphite, showed the highest hardness followed
by the samples with 3% graphite.

Figure 92: Hardness of hybrid AMCs

7.5.3 Tensile and Compressive Strength
Specimen specifications in ASTM's sub-size were met during tensile test cutting. The
standard test bar has been applied; 6.3 mm broad and 25.4 mm measuring length L
(Figure 93a). The higher graphite% is found to decrease the grain size and thereby
increasing the hardness and mechanical properties. Composites of high porosity are
observed to have weaker mechanical properties (Arunachalam et al., 2020). From
the stress- strain curves it was observed that, less strain value of 4% and 3% graphite
samples showed less plastic deformation at a particular load. Figure 93 (b), shows the
fractured tensile specimens and it can be noted that, higher amount of SiC might
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have restricted the dislocation movement and increases the brittle nature of failure
(El-Sayed et al., 2015; Mourad and Maiti, 1996).

(a)

(b)
Figure 93: Tensile test of hybrid AMC’s. (a) Fractured tensile specimens combined
peak- load analysis of tensile samples (b) Tensile strength of the composites.
Compression tests were carried out following ASTM E9 standards. The samples (1%
graphite+ Al2O3, 3% graphite+ Al2O3, 4% graphite+ Al2O3, 3% SiC+Al2O3, 6% SiC+
Al2O3) took a barrel shape or pancake structure during the tests. The fracture line is
seen to be at an angle of 45° (Krishnan et al., 2019). Highest compressive strength is
found to be for SAAW- Alumina/4%graphite samples followed by samples with 3%
graphite and 3% SiC. Additionally, high squeeze pressure (100-125 MPa) and time
(30-45s) might have moved the silicon eutectic sites more towards grain boundaries,
locking the dislocation and thus arresting the crack propagations. The
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silicon/graphite- eutectic and alumina mixture at the grain boundaries increased the
mechanical strengths of the composites. From Figure 94, it can be seen that SAAWAl2O3 samples showed the least compressive strength. Also, these samples showed
the highest porosity, lowest hardness lowest tensile strength. As discussed in the
previous sections. These conditions increased the porosity by creating a nucleated
dispersion of silicon- eutectic phase making the matrix more porous (Moses et al.,
2016). This high porosity (6.12%) has weakened the sample. The compression and
the tensile tests on the five hybrid AMCs have verified that 4% graphite and alumina
has shown considerable strength than all the samples. This is an evidence that the
recycled AMCs can still be improved on many fronts.

Figure 94: Ultimate compression strength for hybrid AMC’s

7.5.4 Abrasion Wear
Wear test is known to be a high stress test due to the frequent fracture of the abrasive
grains attached to the wheel of the tester. As the test proceeds, the fractured abrasive
particles will contribute to three body abrasion. ES20 grade, being the coarsest
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among the abrasive sheet taken, has eroded the samples to a greater extend. Figure
95 show that, SAAW-Al2O3 samples show the highest wear rate due to the increased
porosity. This trend is followed by SAAW-Al2O3/6%SiC composites. The least wear
was recorded by SAAW-Al2O3/4%graphite composite followed by SAAWAl2O3/3%graphite composite.
0.8
0.7

Wear rate (gms)

0.6
0.5
0.4
0.3
0.2

SAAW+Al2O3 + 6% SiC

SAAW+Al2O3 + 3% SiC

SAAW+Al2O3 + 4%Gr.

SAAW+Al2O3 + 3%Gr.

SAAW+Al2O3 + 1%Gr.

0

SAAW+Al2O3

0.1

Figure 95: Abrasive wear rates of hybrid AMC’s

Tribological properties are evaluated by conducting tests on Pin on disc tribometer.
The normal load of 20N was selected for conducting wear test with sliding velocity
of 3.14 m/sec and sliding distance of 942 m were used throughout the experiment.
The change of wear rate with applied load all the composites is shown in Figure 96
(a). Figure 96 (b) showed a high frictional force for 4% graphite samples. This might
be due to the graphite flakes acting as a third body in abrasion, increasing the
frictional component. The casted SAAW-alumina/4% graphite samples reported the
least wear following a trend of the above tests.

SAAW-alumina and SAAW-
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alumina/6% SiC high wear rate than Al 5083-SiC MMCs. By adding SiC particles to
the Aluminum matrix the wear rate has been reduced. But higher SiC % increased
the wear. Whereas higher graphite % decreased the wear considerably. Its high wear
resistance can be explained by the strength of the matrix shown by tensile and
compression test results.

Also, a lower graphite% reduced the compactness of the

metal matrix. The loose bonding allowed the delamination and chipping out of
alumina causing the high wear rates. Additionally, high hardness and high squeeze
pressure with prolonged time, have resulted in compactness of the matrix in all
composites samples.

Figure 96: Wear rates recording by Pin-on-Disc. (a) Wear rates on composites using
pin-on-disc tribometer (b) frictional forces recorded by POD.
7.5.5 Fractography of Wear Samples
Small specimens were cut from the five castings (1% graphite+ Al2O3, 3% graphite+
Al2O3, 4% graphite+ Al2O3, 3% SiC+Al2O3, 6% SiC+ Al2O3). Tensile test fracture
was observed in Scanning Electron microscope as shown in Figure 97 (a), (b) & (c).
The fracture surface of SAAW- alumina composite at x100 reveals a lot of dimples
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and voids. The dimpled fracture is a characteristic of ductile fracture. Voids are the
sites of delamination of alumina. The surface of SAAW- Alumina composite (Figure
97 a) shows a cleavage fracture indicating a brittle failure. This can be explained due
to the presence of the alumina as reinforcements (Kök and Özdin, 2007; Mazahery
and Shabani, 2012). From Figure 97(b), graphite flakes can be noticed at the
delamination sites and another side shows a stable huge agglomerate of SAAWAlumina graphite. From Figure 97 (c) the matrix is noticed to have varying sized
voids. The large sized voids are the sites of delaminated alumina and the smaller
voids corresponds to the SiC particles (Rahman and Rashed, 2014). SEM image at a
magnification at x500 (Figure 97c) shows a trans granular fracture which is a
characteristic feature of brittleness of the matrix.

a)

b)

c)

Figure 97: SEM of wear area of hybrid composites. (a) SAAW- alumina (b) 4%
graphite (c) 6% SiC
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SiC reinforcements can be the reason for matrix embrittlement (Srivastava et al.,
2014). The bimodal failure of the composites can be due to a static overload due to
tensile stress on the matrix (Mourad and Maiti, 1995). Micro voids can be seen
clearly on all composites. These are the centers of crack initiation (Mourad and
Maiti, 1996). Miro cracks are visible throughout the fractured structure.
7.6 Summary
It was noted that addition of graphite or SiC to alumina with SAAW matrix has been
proven to enhance the mechanical and tribological properties of the composites.
SAAW with 5% alumina and 4% graphite can be recommended for top recycled Al
MMC’s. The highest Brinell hardness (55 BHN), ultimate tensile strength (249.9
MPa) and ultimate compression strength (508.8 MPa) were obtained for SAAWalumina/4%graphite composite.

Two body abrasion wear test and Pin- on -Disc

wear tests confirmed that the highest wear resistance was exhibited for SAAWalumina/4%graphite composite.
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Chapter 8: Conclusions and Scope for Future Work
8.1 Conclusions
The main objective of this thesis is the fabrication of aluminum metal matrix
composites using Scrap Aluminum Alloy wheel as matrix and industrial wastes as
fillers. A novel sustainable approach has been successfully developed for the first
time to produce MMC’s for high performance applications. The produced MMC is
not only economical but also environment friendly. Four different combination of
metal matrix composites were prepared through stir gravity/squeeze casting process
and major implications were compared and validated by the experimental results. A
comprehensive experimental study under optimization of process parameters during
production of MMC is studied with the changes in the physical, mechanical and
metallurgical properties and other characteristics of metal matrix composites. In
general, it has been observed that the tensile strength, compression strength,
hardness, improved significantly with the effect of optimizing the process parameters
and employing several fillers. This chapter starts with the research finding of the
work, followed by an outline of the research contributions of the work. Further,
weldability of the produced MMC’s using Friction Stir Welding (FSW) technique.
The work is not only novel but also provides an opportunity for value addition and
sustainable development and thus contribute to the diversification of the
economy of GCC countries. The findings of this work confirm that, AMCs based
on recycled Al fillers are highly useful and can find several industrial
applications including main sectors such as aircraft structures, automobile and
defense.
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8.2 Research Findings
Based on the investigations from this work, the following specific conclusions could
be drawn.
8.2.1 Stir Gravity Casting Process
•

Improper mixing of matrix metal and reinforcement were noticed with 10%
reinforcement at specified process parameters. Comparatively better mixing of
matrix and fillers were noticed at 5%. Therefore, 5% reinforcements were fixed
for all the experiments conducted in this work. Microstructure and mechanical
analyses showed that stir gravity casting method exhibited a nonhomogeneous
mixing with high porosity% and visible voids. Therefore, stir gravity casting
was not used for optimizing and further castings.

•

The use of Scrap Aluminum Alloy Wheel as matrix metal is viable for the
production of low-cost high performance aluminum matrix composites. SAAW
can be utilized as an alternative low-cost matrix metal to LM25 based on its
similar effect on the mechanical properties.

•

By preheating the reinforcing material up to 300°C any moisture or gases in the
material can be eliminated. This improved the wettability between
reinforcements and matrix metal.

•

By preheating the permanent die up to 300°C before poring to the die, ensures
good solidification.

•

Tensile strength has not achieved as expected level due to casting defects such
as visible porosity. Vacuum assisted die chamber can be used to remove the
excess gas produced while pouring molten matrix metal in to the die. This
would minimize the visible porosity and casting defects.
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8.2.2 Stir Squeeze Casting Process
•

SAAW matrix, even though recycled, showing superior qualities and
competent option to produced sustainable AMCs.

•

Al2O3 is considered as better reinforcement compared to SAC.

•

The micrograph analysis showed that SAAW+Al2O3 composite has uniform
distribution of the reinforcements and relatively smaller grain size when
compared to other composites.

•

The samples porosity observed in the micrographs correlated with the
percentage of porosity measured using Archimedes principle. The lowest
porosity was observed to be for SAAW+Al2O3 composite.

•

XRD analysis confirm that, there is no significant phase formation in the
AMCs regardless of whether SAAW or SAC is used.

•

Among the four composites, the highest hardness (of 69 HV) was obtained
for SAAW+ Al2O3 composite.

•

The maximum value of ultimate tensile and compressive strength was
observed for LM25+Al2O3 composite (174 and 340 MPa) followed by
SAAW+ Al2O3 (129 and 322 MPa) respectively.

•

The MMC’s were welded successfully using conventional Friction Stir
Welding method. Tensile test for the welded sections of the optimized sample
recorded 159 MPa. Hardness and the wear analysis also revealed that the
MMC’s can be easily joined and the joint strength is competitive.
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8.2.3 Taguchi GRA – L9 Experiments
•

Taguchi’s grey technique, has been successfully utilized for the first time to
handle the multi-response objective system for optimizing process parameters
in the squeeze casting of AMMCs.

•

Taguchi method reduced 81 experiments to 9 sets (L1-L9) to study the effect
of process parameters and to optimize them. The hybrid approach adopted in
this research can determine the optimized condition with a minimal set of
experiments, which is relevant in the stir–squeeze casting process as the
experimental process including analysis is very time consuming and
expensive.

•

The optimum levels of process parameters are squeeze pressure of 100 MPa,
squeeze time of 30 s, die preheat temperature of 250°C and stirrer speed of
525 rpm (P2-T2-D1-S2).

8.2.4 Production of L9 Samples Using Stir Squeeze Casting
•

The nine experimental groups (L1- L9), resulting from Taguchi optimization,
showed the effect of process parameters on the performance of composite
materials.

•

Among the nine experiments, L5 and L6 exhibited the best mechanical
properties.

•

The L6 and L5 samples showed the least porosity%. The highest hardness
was obtained for L6 (60.9 HRB), followed by L5 method.
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•

The highest UTS was obtained for the L5 sample (153 MPa) and in the case
of ultimate compressive strength, the highest value was obtained for L5 (360
MPa).

•

Again, in the case of the abrasive wear, L6 sample showed the least wear
(0.35 grams) for the coarsest abrasive grade (ES20).

•

XRD revealed no new phase formation when recycled Al was used as the
matrix material.

8.2.5 Result of Confirmatory Analysis
•

Confirmation experiment using optimum process parameters estimated by
GRA method, showed that there is significant improvement with
experimental setting for all the response variables.

•

In terms of multi response variables, GRG of experimental set up is improved
by 12.5%.

•

The results of the mechanical properties tests showed that experiment 6 (L6
condition) had the highest tensile strength and hardness 68.8% and 48%
respectively.

8.2.6 Development of Optimized Sample
•

Based on the Taguchi-GRA method, the optimized process parameter for the
stir-squeeze casting process was 100 MPa squeeze pressure, 45-second
squeeze time, 250°C die temperature, and a stirrer speed of 525 rpm.

•

The sample obtained from the optimized condition exhibited the lowest
porosity (5.29%). The hardness value M2 (55.8 HRB) showed a slightly
lower value when compared to L6 (60.9 HRB) method.
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•

The highest UTS for the M2, the UTS was slightly lower (133 MPa) than L5
method. In the case of ultimate compressive strength, the highest value (433
MPa) was obtained for M2.

•

Again, in the case of the abrasive wear, the lowest wear loss (0.32 grams) was
obtained at the M2 sample for the coarsest abrasive grade (ES20).

•

XRD revealed no new phase formation when recycled Al was used as the
matrix material. At the same time, better mechanical properties were obtained
at the optimum condition, thus confirming the use of recycled material for
producing the composites at a relatively low cost.

8.2.7 Hybrid Composites
The Sustainable composites (MMC’s) were successfully developed using Squeeze
stir casting process. Prepared hybrid composites had two reinforcement mix in
varying weight percentages. The mechanical and tribological properties of the
composites have investigated. The key findings of the work are as follows:
•

Addition of graphite or SiC to alumina with SAAW matrix has been proven to
enhance the mechanical and tribological properties of the composites.

•

SAAW with 5% alumina and 4% graphite can be recommended for to produced
recycled Al MMC’s with high strength and wear resistance.

•

The highest Brinell hardness (55 BHN), ultimate tensile strength (249.9 MPa)
and ultimate compression strength (508.8 MPa) were obtained for SAAWalumina/4%graphite composite.

•

Two body abrasion wear test and Pin- on -Disc wear tests confirmed that the
highest wear resistance was exhibited for SAAW-alumina/4%graphite composite.
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•

SAAW (recycled) with alumina/graphite or SiC reinforcements proved to be very
promising and competitive for many industrial applications.

8.3 Scope for the Future Work
•

In the present study typical alumina reinforcements in micron size were used to
produce the metal matrix composites. Other sizes of alumina reinforcements such
as nano sized alumina particles which have a far greater surface area to volume
ratio over larger particles could be tried out.

•

More than two levels for each of squeeze casting process parameter can be
considered in order to have more experiments.

•

Hybrid AMCs were prepared using reinforcement mix suggested by the
literature. Further investigations can be done with higher percent of SiC and
graphite with alumina.

•

In this work, only conventional Friction Stir Welding was used to investigate the
weldability of the samples. Several other adaptations can be used such as
Underwater Friction Stir Welding (UFSW), Vibration Assisted FSW (VFSW)
etc.
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Appendices
Appendix A – Microstructure
1. Optical micrographs (Before Etching) of Aluminum alloy composites with 5 wt %
reinforcements at 1000 X Magnification
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2. Optical micrographs (After Etching) of Aluminum alloy composites with 5 wt %
reinforcements at 1000 X Magnification

183
3. SEM photographs of Aluminum alloy composites with 5 wt % reinforcements at
500 X Magnification. a) LM25 + Al2O3 b) Scrap Al alloy + Al2O3 c) LM25+ SAC d)
Scrap Al alloy + SAC
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4. Stir squeeze cast microstructure
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Appendix B – Mechanical Properties
1) Hardness test for the stir squeeze casting samples
Specimen 1 (LM25 + AL2O3)
S. No Hardness test Load Condition Test 1 Test 2 Test Test 4
3
1

Brinell

2

Vicker

3

Rockwell

S. No Hardness
test

31.2 KPa
15.625 KPa
3 KPa
5KPa
15KN

56.9
58.9
60.86
50.6
19.4

56.68
58.26
60.56
50.57
19.46

Load
Condition

Specimen 2 (SAAW +
AL2O3)
Test Test 2 Test Test 4
1
3

Test
5

Mean
Hardness

54.9
52.1
61.25
73.5
20.7

53.5
63.8
63.64
68
21.6

60.84
60.18
64.98
59.00
21.062

Test
5

Mean
Hardness

52.8
58.6
68.9
61.56
13.6

54.2
56.2
72.1
63.38
15.9

50.38
58.34
72.76
63.02
14.38

Test 4

Test
5

Mean
Hardness

49.8
58.1
60.9
53.6
15.8

50.1
49.2
57.8
56.8
19.2

49.94
52.88
55.73
53.58
17.24

Brinell

2

Vicker

3

Rockwell

31.2 KPa
15.625 KPa
3 KPa
5KPa
15KN

S.N
o

Hardness
test

Load
Condition

1

Brinell

2

Vicker

3

Rockwell

31.2 KPa
15.625 KPa
3 KPa
5 KPa
15KN

50.9
55.4
76.25
63.8
15.6

62.8
67
63.64
69.14
20.3

56.7
58.2
62.3
48.6
19.8

63.8
63.8
72.48
71.18
22

54.8
57.8
60.9
49.2
18.6

Mean
Hardness

54.2
56.2
57.8
53.8
19.2

1

60.8
60.2
60.92
50.67
20.3

Test
5

69.2
54.2
63.9
65.65
20.71

Specimen 3 (LM25 + SAC)
Test Test 2 Test Test 4
1
3
48.2
61
74.45
63.48
15.9

45.8
60.5
72.1
62.9
10.9

S.N
o

Hardness
test

Load
Condition

Specimen 4
(SAAW+SAC)
Test Test 2 Test
1
3

1

Brinell

2

Vicker

3

Rockwell

31.2 KPa
15.625 KPa
3 KPa
5 KPa
15KN

49.2
40.6
62.68
53.99
20.9

48.3
63.8
42.45
52.63
13.7

52.3
52.7
54.8
50.9
16.6
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2) Tensile strength for stir squeeze cast samples (L1-L9)
Method

Specimen
#
1

CS1 Gravity
casting

2
3
4
5

CS2Squeeze
casting

6
7
8
9

CS3Squeeze
casting

10
11
12
13

L1

14
15
16
17

L2

18
19
20
21

L3

22
23
24
25
26

L4

27
28
29

L5

30
31
32

Peak
Load

Mean
peak
load

Peak
Stress

Mean
Peak
Stress

Strain at
Break

Stress at
Yield

Mean Stress
at Yield

N

KN

MPa

Mpa

mm/mm

MPa

Mpa

0.06

4.454

0.056

185.071

0.043

148.562

99.9

0.033

99.897

134.4

0.042

134.36

0.063

204.144

0.057

192.015

207.9

0.065

207.891

148.3

0.031

148.263

0.033

160.324

0.04

169.696

124.3

0.027

124.267

122.7

0.028

122.668

0.032

132.889

0.022

89.816

92.1

0.023

92.147

128.6

0.034

128.635

0.024

113.843

0.034

145.835

117.9

0.025

117.868

102

0.025

102.039

0.03

126.13

****

4.157

97.6

0.026

97.564

3.8

****

2.79

0.034

108.093

0.019

76.424

87.9

0.02

87.865

165.1

0.049

165.122

0.038

132.432

0.038

158.456

0.021

81.731

3355.9
97
3525.5
94
3301.7
98
2220.2
15
2559.5
59
3888.9
38
3657.8
92
3960.3
15
3295.1
48
3563.1
93
3771.4
9
2761.8
36
2726.2
91
2953.4
66
1996.1
68
2047.9
67
2858.9
23
2530.1
6
3241.1
78
2619.6
08
2267.8
08
2803.2
35
110.76
8
2168.3
66

176.2
3.100901

3.516676

3.347916
75

2.430973

2.812467
25

1.837544
25

84.549
2402.3
58
1698.5
23
1952.7
89
3669.8
42
2943.3
03
3521.6
94
1816.4
71

1.534554
75

2.987827
5

185.1
148.6

204.1
192

160.3
169.7

132.9
89.8

113.8
145.8

126.1
5

152.45

184.6

150.65

109.375

126.525

82.675

108.1
76.4

132.4
158.5
81.7

69.05

134.425

109.496

184.6025

150.6375

109.38

126.54525

82.4725

68.793

134.43525

187
33
L6

34
35
36
37

L7

38
39
40
41
42

L8

43
44
45

L9

46
47
48
Mean
Std.
Dev.

3524.64
4
2466.45
1
3441.17

158.6
3.14531225

3148.98
4
2028.10
8
970.595
2716.85
7
2526.82
6

2.0605965

1869.87
4093.43
5
3199.48
2
2627.53
2
2840.40
5
2748.22
8
2389.5

0.042

158.589

0.024

110.976

0.035

154.833

141.7

0.034

141.687

91.3

0.019

91.253

0.015

43.671

0.037

122.243

113.7

0.035

113.693

84.1

0.022

84.134

0.053

184.182

0.042

143.959

118.2

0.033

118.224

127.8

0.035

127.802

0.028

123.655

0.025

107.514

158.1

0.036

****

125.5

0.034

121.103

43.4

0.012

46.367

111
154.8

43.7
122.2

141.525

92.725

184.2
2.94757975

2.87301925

3513.94
4
2716.28
1
874.895

144

123.7
107.5

132.625

129.275

141.52125

92.715

132.62475

3) Compressive strength for stir squeeze cast samples (L1-L9)
Metho
d
CS1 Gravity
casting
CS2Squeez
e
casting
CS3Squeez
e
casting

L1

L2

L3

Specimen
#

Peak Load

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22

41807.469
40425.357
37412.405
37478.404
41983.332
42808.319
41044.614
41096.613
42687.321
43458.309
41888.334
44338.795
45900.27
41973.333
45660.274
46685.258
42800.319
43867.303
43207.313
45364.279
41953.333
41584.339

N

Mean peak
load
KN
39.28090875

41.7332195

43.09318975

45.05478375

43.8098035

41.9791295

Peak
Stress
MPa
315
304.6
281.9
282.4
316.3
322.5
309.2
309.6
321.6
327.4
315.6
334
345.8
316.2
344
351.7
322.5
330.5
325.5
341.8
316.1
313.3

Mean Peak
Stress
Mpa
295.975

314.4

324.65

339.425

330.075

316.275

Elongation
at Peak
mm

Elongation at
Break
mm

9.282
9.092
7.48
6.35
6.585
5.906
6.265
5.856
6.145
7.092
6.576
6.839
8.83
7.029
8.918
9.509
7.949
8.309
8.362
8.532
6.349
7.242

9.282
9.092
7.48
6.377
6.785
6.772
7.106
6.762
6.145
7.092
6.576
6.839
8.83
7.029
8.918
9.509
7.949
8.309
8.362
8.532
6.349
7.242

188

L4

L5

L6

L7

L8

L9

23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45

41661.525
42717.321
39030.379
38960.381
38598.386
38668.135
48167.484
46532.26
45208.281
50938.19
48372.231
44369.295
49458.214
46872.255
46196.265
45076.683
41892.334
46738.007
44578.558
47942.3
48939.222
47616.243
42658.322

46

41137.346

47

41986.332

48

43625.306

38.81432025

47.71155375

47.26799875

44.97582225

47.26908075

42.3518265

313.9
321.8
294.1
293.5
290.8
291.3
362.9
350.6
340.6
383.8
364.4
334.3
372.6
353.1
348
339.6
315.6
352.1
335.9
361.2
368.7
358.7
321.4
309.9
316.3

292.425

359.475

356.1

338.825

356.125

319.075

328.7

6.549
7.465
5.118
5.045
4.732
5.112
8.784
8.402
7.882
8.638
7.318
8.092
8.012
7.269
7.372
6.258
5.149
6.668
7.491
8.451
8.571
7.771
3.571

6.549
7.465
5.118
5.045
4.732
5.112
8.784
8.402
7.882
8.638
7.318
8.092
8.012
7.269
7.372
6.258
5.149
6.668
7.491
8.451
8.571
7.771
3.571

2.946

2.946

3.849

3.849

3.478

3.478

4) Two body abrasive wear rates for stir squeeze cast samples (L1-L9)
Specimen
L1

L2

L3

L4

L5

L6

Grade of Abrasion
ES20
ES60
D-150
SiC E4 600 TP4
ES20
ES60
D-150
SiC E4 600 TP4
ES20
ES60
D-150
SiC E4 600 TP4
ES20
ES60
D-150
SiC E4 600 TP4
ES20
ES60
D-150
SiC E4 600 TP4
ES20
ES60
D-150
SiC E4 600 TP4

Diff. in wts. x 10-3(gms) (R.T)
0.79
0.6
0.48
0.37
0.85
0.71
0.59
0.35
0.74
0.61
0.43
0.28
0.97
0.82
0.74
0.49
0.42
0.35
0.26
0.16
0.35
0.26
0.12
0.1
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L7

ES20
ES60
D-150
SiC E4 600 TP4
ES20
ES60
D-150
SiC E4 600 TP4
ES20
ES60
D-150
SiC E4 600 TP4
ES20
ES60
D-150
SiC E4 600 TP4

L8

L9

M2
(Optimized
sample)

0.6
0.51
0.39
0.21
0.38
0.21
0.18
0.11
0.64
0.52
0.32
0.18
0.32
0.22
0.13
0.08

5) Mechanical analysis for the stir squeeze cast samples (L1-L9)
Cas
t

Poro
sity
(%)

Hard
ness
(HRB
)

L1

6.3

50.7

L2

3.4

42.425

L3

3.4

47.45

L4

8.9

34.3

L5

7.7

45.55

L6

8.4

48.475

L7

6.1

47.525

L8

7.8

45.15

L9

8.4

54.175

Rock
well
(HRB
)

Brinel
l31.2K
p

Brinell
15.625
Kp

Vick
er3Kp

Vick
er 5Kp

Mean
Hardne
ss
values

48.8

50.2

49.3

47.7

49.3

49.06

39.2

37.8

39.8

40.2

35.6

38.52

47.2

49.5

50.2

52.1

49.8

49.76

38.3

36.2

37.9

39.3

38.4

38.02

46.2

45.3

48.2

42.3

43.8

45.16

47.2

51.3

50.7

48.2

46.8

48.84

48.3

49.2

50.4

52.3

49.8

50

44.8

50.8

51.2

49.2

43.8

47.96

53.6

51.3

50.7

49.3

52.4

51.46

Tensi
le
(MPa
)
109.3
75
126.5
25
82.67
5
69.05
134.4
25
141.5
25
92.72
5
132.6
25
129.2
75

Compr
essive
(MPa)
339.42
5
330.07
5
316.27
5
292.42
5
359.47
5
356.1
338.82
5
356.12
5
319.07
5

6) Tensile strength for the optimized sample (M2)
Sample
ID

Specime
n#

1
M2

2
3

Peak
Load

Mean peak
load

Peak
Stress

N
2632.2
58
2494.5
17
2467.4
48

KN

MPa

Mean
Peak
Stress

MPa

138.2
2.5

130.9
129.5

Strain at Break

mm/mm
0.028

132.9

0.024
0.026

Modulu
s

Stress at
Yield

MPa
10272.
31
10332.
11
9503.6
33

MPa

Mean
Stress at
Yield

MPa

3.627
4.69
3.336

3.9
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7) Compressive strength for the optimized sample (M2)
Met
hod

M2

Specimen
#

Peak
Load

Mean peak
load

Peak Stress

Mean Peak
Stress

Elongation
at Peak

Elongation
at Break

N

KN

MPa

Mpa

mm

mm

6.242

6.242

6.49

6.49

1

54346.448

2

58218.074

3

59937.11

409.4
57.5

438.6
451.6

433.2

6.356
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Appendix C – Optimization
Exp.

1
2
3
4
5
6
7
8
9

Porosity
-16.028
-16.272
-17.001
-18.968
-17.673
-18.486
-15.735
-17.886
-18.435

S/N
ratio
Tensile
Hardness strength
34.100 41.282
32.551 42.330
33.525 40.714
31.434 39.162
33.170 43.637
35.692 43.620
33.538 40.754
33.093 43.452
34.675 42.705
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Normalized value
Comp.
Tensile Comp.
Porosity
Hardness
Strength
strength Strength
50.615
0.924
0.568
0.410
0.701
50.372
0.859
0.217
0.653
0.562
50.001
0.652
0.430
0.290
0.356
49.320
0.000
0.000
0.000
0.000
51.113
0.446
0.350
1.000
1.000
51.031
0.174
1.000
0.995
0.950
50.600
1.000
0.433
0.299
0.692
51.032
0.377
0.333
0.948
0.950
50.078
0.192
0.715
0.747
0.397

